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PREFACE 


The Second Symposium on Cosmical Gas Dynamics was organised 
by cooperation between the International Astronomical Union and the 
International Union of Theoretical and Applied Mechanics, as a sequel 
to the Symposium arranged by the same Unions in August 1949 at Paris.* 

The Organising Committee consisted of the following scientists: 

for iutam: Th. von Karm4n, Pasadena, Calif.; G. I. Taylor, 
Cambridge, England; A. R. Kantrowitz, Ithaca, N.Y.; J. M. 
Burgers, Delft, Holland; 

for lAU: J. H. Oort, Leiden, Holland; H. C. van de Hulst, Leiden, 
Holland; F. Hoyle, Cambridge, England; L. Spitzer Jr., Prince¬ 
ton, N. J. 

Each of the two Unions asked for a grant-in-aid from unesco and 
through UNESCO’s valuable help a sum of $ 6000 was received, the same 
amount as had been given on behalf of the first Symposium, in order to 
cover travelling expenses of scientists coming to the Symposium. A 
further sum of $ 1000 was received as assistance for publishing the 
Proceedings of the Symposium. 

Cambridge in England was selected as a suitable place of meeting, 
and the dates were fixed at July 6-11, 1954. 

Dr. G. K. Batchelor offered to take care of the local arrangements. 
Two rooms in the Engineering Laboratory of the University of Cam¬ 
bridge were made available. One served for the lectures, while the 
other one was used as a common room for informal discussions, the 
exhibition of sets of stellar photographs and for coffee and tea. The 
expenses of these items were carried by the Unions. 

The aims of the Symposium were similar to those of the preceding 
one: to bring together workers from astrophysics and from aerodynamics; 
to give an opportunity to astronomers to expound the present state of 
their problems and to make aerodynamicists acquainted with the 
observational facts; to consider which developments in fluid mechanics 


* A small stock of copies of the Proceedings of the Paris Symposium published 
by the Central Air Documents Office, Army-Navy-Air Force, Dayton, Ohio, 
U.S.A,, under the title “Problems of Cosmical Aerodynamics”, is still available. 
Applications should he directed to Col. C. E, Davies, Secretary U.S. National 
Committee on Theoretical and Applied Mechanics, Room 1101,29 West 39 th street, 
New York 18, N.Y., U.S.A.; the price is $0,75 per copy for administration expenses. 
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may be applicable to astrophysical problems, and to arrive at a formu¬ 
lation of these problems in such a way that mathematicians and fluid 
mechanics people may find a way of attack. 

After preliminary discussions and correspondence during 1952, the 
Organising Committee made up a draft programme, which in December 
of that year was forwarded to a number of scientists. During the first 
months of 1958 the programme underwent some adjustment, but care 
was taken to leave a certain freedom for arrangements to be made at 
the meeting itself. 

It was considered helpful for the discussions at the Symposium to 
ask several prospective participants to prepare summaries of their ideas 
on certain subjects, which could be mimeographed and circularised 
beforehand. This has proved to be of great help, although a few of 
the summaries could be distributed only at the beginning of the Sym¬ 
posium. The titles of these documents were as follows: 

No. 1: H. Zanstra (Amsterdam), On the Formation of Condensations 
in a Gaseous Nebula and in Interstellar Matter, 20 pp. -f 3 dia¬ 
grams (with an additional “Remark”). 

No. 2: a! D. Thackeray (Pretoria), Characteristics of some Diffuse 
Nebulae in the Magellanic Clouds, 2 pp. 

No. 3: F. D. Kahn (Manchester), The Heating and Cooling of Inter¬ 
stellar Gas Clouds, 13 pp. 

No. 4: M. P. Savedoff (Leiden), Relation between Dust and Gas, 2 pp. 
No. 5: S. Chandrasekhar and E. Fermi (Chicago), Magnetic Fields 
in Spiral Arms, 5 pp. 

No. 6: B. J. Bok and C. M. Wade (Harvard), A Preliminary Classi¬ 
fication System for Ha-Emission Nebulae, 2 pp. 

No. 7: D. Hoffleit (Harvard), Observational Features in Carina of 
Interest for Dynamical Theories of Interstellar Clouds and Stellar 
Evolution, 5 pp. 

No. 8; W. H. McCrea (Cambridge), Motion of Stars through Clouds; 
Accretion, 7 pp. 

No. 9: H. C. VAN de Hulst (Leiden), List of Problems and Suggested 
Solutions, 8 pp. 

No. 10: L. Biermann and A. Schluter (Gottingen), On the Influence 
of Radiation, Ionization and Magnetic fields on the Dynamics of 
the Interstellar Medium, 6 pp. 

No. 11: L. Biermann (Gottingen), On the Mass Balance of the Inter¬ 
stellar Medium, 4 pp. 
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No. 12: A. ScHLUTER, H. Schmidt and P. Stumpff (Gottingen and 
Bonn), An Analysis of the Interstellar Ca-lines, 3 pp. 

No. 18: S. YON Hoerner (Gottingen), Contribution to the Turbulence 
Theory of Galaxies, 3 pp. 

No. 14: M. P. Saybdoff (Leiden), The Energy Balance of the Inter¬ 
stellar Medium, 6 pp. 

No. 15: J. H. Oort, (Leiden), Origin of Interstellar Clouds and Their 
Acceleration, 3 pp. 

The following scientists took part in the meetings: 

Belgium: P. Ledoux (Liege). 

Finland: J, Tuominen (Plelsinki). 

France: J. F. Denisse(Paris); J. Kamp^ deF^riet (Lille); E. Schatzman 
(Paris). 

Germany: F. Becker (Bonn); L. Biermann, S. von Hoerner, A. Schliiter, 
C. F. Yon Weizsacker (all from Gottingen). 

Great Britain: 

(a) from Cambridge itself: E. W. Bastin, G. K. Batchelor, A. Beer, 
H. Bondi, R. Hide, F. Hoyle, PI. Jeffreys, PI, von Kliiber, E. H. 
Linfoot, R, A. Lyttleton, W. H. McCrea, R. 0. Redman, W. PL 
Reid, M. Ryle, D. W. Sciama, F. J. M. Stratton, G. I. Taylor; 

(b) from other places in Great Britain: 

E. C. Bullard (Teddington); T. G. Cowling (Leeds); T. Gold (Plerst- 
monceux); R. C. Jennison (Jodrell Bank, Manchester); F. D. Kahn 
(Manchester); M. J. Lighthill (Manchester); A. Maxwell (Man¬ 
chester); L. Mestel (Leeds); W. PI. Ramsey (Manchester); M. J. 
Seaton (London); G. Temple (London). 

India: M. K. Das Gupta (temporarily at Manchester). 

Japan: Z. Suemoto (Tokyo, temporarily at Cambridge). 

Netherlands: A. Blaauw (Leiden); L. J. F. Broer (Delft); J. M. Burgers 
(Delft); H. C. van de Hulst (Leiden); J. H. Oort (Leiden); PI. Zanstra 
(Amsterdam); 

United States of America: Bart J. Bok and Priscilla F. Bok (Cambridge, 
Mass.); A. Deutsch (Pasadena, Calif.); PI. W. Emmons (Cambridge, 
Mass., temporarily at Cambridge, England); F. N. Frenkiel (Was¬ 
hington D. C.); W. D. Hayes (Providence, R. I., temporarily at 
London); E. P. Hubble (Pasadena, Calif.); A. R. Kantrowitz 
(Ithaca, N.Y.); Th. von Karman (Pasadena, Calif., and Paris, 
France); O. Laporte (Ann Arbor, Mich.); H. W. Liepmann (Pasa¬ 
dena, Calif.); F. E. Marble (Pasadena, Calif.); D. PI. Menzel(Cam- 
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bridge, Mass.); R. Minkowski (Pasadena, Calif.); M. P. Savedoff 
(Rochester, N.Y., temporarily at Leiden, Netherlands); S. A. Schaaf 
(Berkeley, Calif.); R. N. Thomas (Cambridge, Mass.). 

Several other scientists had been invited, but unfortunately had no 
opportunity to be present at the Symposium. 

Of the 63 participants 41 may be counted as astronomers or astro¬ 
physicists, 22 as aerodynamicists or physicists. The precise attribution 
to these categories is not always possible. 

The arrangement of the sessions was as follows: 

Monday, July 6, afternoon (chairman: Sir Geoffrey I. Taylor): 
Astronomical data. 

Tuesday, July 7, morning (chairman: Dr. E. C. Bullard): 

Survey of problems; influence of electric conductivity; temperature 
regulation in the interstellar gas. 

Tuesday, July 7, afternoon (chairman: Professor G. Temple): 

Experimental investigation of shock waves; discussion on luminous 
edges of interstellar clouds. 

Wednesday, July 8, morning (chairman: Dr. Th. von Karman): 

Effects of magnetic fields and of compressibility on turbulence, 
Thursday, July 9, morning (chairman: Professor T. G. Cowling): 

Origin of cosmic clouds and of their movement. 

Friday, July 10, morning (chairman: Professor P. Ledoux): 

Motion of stars through clouds and accretion, 

Friday, July 10, afternoon (chairman: Professor J. PI. Oort): 

Mass balance of the interstellar medium. 

Saturday, July 11, morning (chairman: Dr. H. Bondi): 

Relation between gas and dust; summary of the Symposium and 
final discussion. 

The full titles of the various papers with the names of the speakers 
and the subjects treated in the discussions are found in the “Table of 
Contents”. 

The Secretariate of the Symposium was in the hands of J. M. Burgers 
and PI. C. van de Hulst. With the help of some others notes were taken 
of the contributions to the discussions. These notes, typed out as far 
as possible, were forwarded to the speakers with a request to check or 
to amplify them, in order to collect as much as possible of the remarks 
Thp diQcn««ionR h'^ve been nrinted in n«rt immediatelv after the 
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paper, to whick they referreil. i., ,»>« .. . I., ... . 

ot the variety of author, no altraipt Im. lavo ma.lr t., .... 

uniformity in notation tutd in rrrm-tiiv%. 

TheSympoBium haslwl hum itn{K»H«i.t *!rrjr,m.« .4 nuHtht »!,. 

problems of motion of tlie inh-rntdlnr «i*. mnl into th- |.l» n- 

mena which inlluenee the iK’havitmr u( tin. m*'- *>»»r rr.nH -i 
interest is the recognition of tlie imjn.rt«ii«' <4 ‘ umtpr. •.'‘mb u,rl,n 
lence”, and of the part played in it by ^hmA ««vr.. Tbr «l 

treatment of the random motion of «»eh i.liwk i!« H 

as a major theme for mathenmtieal rewareb, -Im.tl.rr tnaliri ..f «Tr..t 
importance is the recojgnition of the derlwvr intb.r««T «| g«ii» ninl 
of energy through radiative proeewiwj thr |*ietiirr of wdwiMitn- 
apparently can be used in exceptioiml only. 

Both Unions wish to express their gmtitudr to *» (>* »i» «» 

the form of grants of money; the attitmlr of wiitb nnmt4 h, 

meetings such as tliis one has Ikto a great eneotirairmrol 

The hope has been expresml tlmt a thir»l Synij»i*%i«m mm !«• 
organised on similar lines, after another perltai of I yearn, niinT i»r« ♦tein 
concerning the problems dist'ussai am*otttitHially forlt»w»f»««g. «iob- 
at the same time theoretical eonstderations arr piining in |»r»irtf«uvr 
power and in clarity. 

It has been agreed by the two Unions that tin* UnnwlMigs «*f !l»w 
Symposium should appear as 8yin|«wi«m Knmlirr 3 »»f tli*> nrttr* 
“Reports on Symposia”, published by the i*i?. 

The Editors wish to thank Mr. M. I). Frank, Ihmior «f liie Korfb 
Holland Publishing Co. at Arnsterdani for thr hripftii way in «l«rl» tir 
has met their wishes and for the great wtio' tlwf liai* twi tafern i*i 
make the volume attractive. 


28 August, 1954 


Urlft, .1, M. Ileaor.w 
I,«n<lrn, II. V, v.%% nr, lli iai 



CHAPTER 1 


OPENING ADDRESS 

BY 

Sir GEOFFREY I. TAYLOR 
Cambridge, England 


I have been asked to open this Symposium, not, I imagine, because 
I know much about the high matters you will discuss, but because I 
am the fortunate person who was chosen by Batchelor, when he came 
to England, to guide his progress from practical problems in Aeronautics 
to the more recondite studies of Turbulence. It was from that restricted 
field that he first looked up and contemplated the grandeur of the 
Universe. This progress from the ridiculous to the sublime is one with 
which we in Cambridge are familiar; some people say that Eddington, 
one of our greatest alumni, pursued it in reverse when he reduced the 
whole thing to the number 137. 

The progress of cosmological ideas seems to be analogous to that of 
the theory of turbulence. First came the phase in which individual 
particles and their reactions were considered. Then the effects produced 
by the concerted action of many particles were summarised in the 
kinetic theory of gases. When people came to study turbulent motion 
in fluids it was found that though the motion might, in one sense, be 
completely random like the motion of molecules in a gas, there was 
such an important element of concerted motion amongst the molecules 
that only the framework of the hydrodynamics of continuous fluids 
could be used to describe it. So in the cosmological problems which we 
will discuss there is a tendency to pass from particle dynamics to that 
of continuous fluids. 

The fact that hydrodynamicists have solved a limited number of 
problems of continuous media gave rise to the idea in the mind of 
Burgers that they may have something to contribute to cosmological 
theory and so, being a man who never lets grass grow under his feet 
when he sees a chance of promoting useful scientific cooperation, he 
arranged the first symposium in Paris. Since that meeting, and no 
doubt largely because of it, there have been developments in theory. 
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There have also been great deveU.junmt. m .man. .. 

the cosmos. I need <mly mentam the fart that tin- .< I. .. . 

and the 200 inch one have laeu verv fmitfnl t.mt r«4,.. 

has been making great Htriden. Mmut « >«.r njf.. 4 »«. Hur^T. 

and to some of his colleagues in Ilulhiml and A.mf.r., ii.«t fin- fmn 

was ripe for another symposuim. AcTunliiiBly hr min t..„. h «i!l. 

Batchelor and me to Itnd out whether wetHtuhi mahr Im-a! lu. m . 

for a meeting in Cambridge in B»A8. The prewnf n.rri.ng h tlu r, m.H 

I must confess that all the lm*nl work ha* tw*rn ih.nr l.y 

but I can speak for all of us in Cambrldjir in «iy»ng tha» «'■ «rlr..ii,r 

most heartily the Eistronomers, phytieisU and Iiy«lr.Hl}.ii*innr>.«. «li'* 

have come to us in many cbkc* frt>m gtriit dislawr* to }.mh ihi* *>♦« 


posium, I, for one, look forwan! to hraritig of the man) rarising iir« 
results which our programme leads u« tt» esjart. 



PART I 

TIIK OBSRRA'ATIONAL DATA 


CHAPTKH 2 

THE OBSERVATIONAL BACKGROUND OF COSMIGAL 
GASDYNAMICS 

iiv 

It MINKOWSKI 
Ptmmtrm, ('iilif, 

'I'lif J'fiifrnl itk'tiirc <if the int<T.sti'll!ir in thn (Jiihixy today is 
CHSfjitially tmchiuigJHl rrotti tlint iirt'scnlfd nt (he Hymposium on the 
.Motion of tJiiwons Mnsst-n «tf t'osmieul Dimensions ‘ at Ftiris in 1049, 

The (ialaxy is a rotating stellni’ syshaii eontuininn .stars, and 
dust. Unlike tlie hulk of the .stars, gas anti dust are hi^ldy eoneentrated 
towards the etjuatoria! plane in a layer a lew hundred parsee tliiek. 
In this respect find tlnst are similar to the bright stars of types 
O and It which are tlie most eonspienons representatives of the stellar 
population I. It is now generally recognized that these stars are short¬ 
lived eonipari'd to the age of the Galaxy. 'I'hey rnnst have heen formed 
relatively ree<*ntly, and probably are still being formed now. from the 
gas and <lnst by condensation; accretion also may play a role. 

In the neighborliood of the sun, whieli is at a distanee of about 
KtHK) parsec from the center of the Galaxy in tme of the spiral arms, 
the mass of the gas is of the same order as that of the stans, about 
8.J0 «g;em^ or 2 II atoms 001 “. That the gas is not .snmothly dis¬ 
tributed throughout the Galaxy has lirst become <denr from the study 
of -similar galaxies, such ns the .\iidromcda nebula M hi. The gas, as 
well as the dust and the bright stars of types O and H, is eoneentrated 
in the spiral arms. Along any line of sight in tin* plane of the Galaxy, 
the large scale distribution of gas ami dust is tlierefore not sniootii; 
liigii density as in the solar neighborhood within the arms will alternate 
with very low density lietween the arms. 

Very decisive j)rogres.s in the study tif the interstellar gas and its 
motions has heen made since 19,51 with the aid of the 21 •cm radiation 
of neutral hydrogen, predicted by \'an de IIiilsl in I9t.5 and iliseovered 
by Kwen and Purcell ® and almost simultaneously by Midler anti 
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Oort This radiation permits the observation of the previously un- 
accessible main component of the gas, neutral hydrogen, and thus 
furnishes the most powerful means to study the distribution and 
motions of the gas. With its aid many of the main feature's of the 
spiral structure have already been determined (see Ch. 4). Studies of 
the distances of 0 and B type stars by Morgan and of interstellar 
absorption lines by Mtinch support and supplement these results. But 
the resolving power achieved with the 21-cm radiation is still too low 
for a study of the structure and motions of the gas in its finest details. 
In this respect our knowledge still comes from the application of optical 
methods. 

In its natural state—not excited to emission and ionised by the 
radiation from hot stars—the interstellar gas can be investigated 
optically only with the aid of the absorption lines of Na, Ca, Ca K, Fe, 
Ti-**, CN, CH and CH+ which appear superposed on stellar spectra. The 
information thus obtained is clearly extremely localised, i^eferring only 
to the gas in a cylinder of stellar radius. Moreover, since only stars of 
early types can be used whose spectra show no interfering lines of their 
own, close spacing of observations in the sky is usually not possible. 
Most of the observations refer selectively to thin and diluted clouds. 
Stars in or behind dense and thick clouds are not easily accessible to 
^ectroscopic observation with the required high dispersion since the 
dust contained in such clouds obscures the stars. 


The study of the interstellar lines shows that the gas is predomi¬ 
nantly neutral (H I region). The temperature is about 100“ K in dense 
H I clouds. The average density is of the order 1 H atom/cma in the 
spiral arms, much lower outside. The gas takes part in the rotation 
of the Galaxy but individual clouds have random motions averaging 
a ou 0 10 km/sec. Occasionally higher velocities up to 100 km/sec 
occur. Velocities of approach seem to be more prevalent. The typical 
cloud has been pictured as having a density of 10 H atoms/om» and 

Irser^ ^ I® 5 to 10 clouds being present per 1000 

parsec. Between the clouds a low density of the order 0.1 H atoms/om!' 

ere. " oversimplili- 


Dust, probably formed by condensation from the gas, is intermixed 

len^, makes the clouds msible as dark areas which appear on th) 
background ot rich star fields or of bright nebulosities. The dust ha' 
probably httle mfluenc. on the aerodynamical eonditiona It mate 



•rUK OHSr.KVATIONAI, llAfKailOCND OF OOHMIt’AI. Ci AS D YNA M tC'S 


thf Structure utid distrilnitioii of the inter.stcllnr clouds visible, l)ut 
docs not offer ways to dctcmunc their velocitit-s. If, ns weius possil»lc, 
ti.c ratio of ^is to dust is not lixeii,tlHMkosity(.ftliedustisiu.tnquiuiti. 
tntivc indicator of the ^ns ticiisity. Starli^lit tninsiuittt'd l>y tlu^ dust 
iH-conics ,,olari7.cd«. This effect is due to ..riciitutiou of'cdouKuted 
pai tides, llie most {duttsihle extiianntion si-eins to he tlmt the orien¬ 
tation is nil effect of intcrstidlur magnetic fields ®. As an iiltertiate 
mtcrpretHtitm, the effect of streaming of grains tiiruugh gas lias been 
proposed ®. 

Dust clouds become visible as rellexion nebulae wlien tiiey are 
illuminated by nearliy liright stars. If the temperature of the stars is 
high enough, tlie gas becomes ionised (If 11 region) and lieeomes visible 
as an emission tiehula. Itougldy, stars of speetral type earlier than U 1 
are tlie exciting sources of emission nelmlae, hut the division between 
emission and retleetion nelmlae is not sharp. It is not nimsnal to (Ind 
amt emission lines in a nebula whose light is mostly due to seatterlng 
Iiy dust. In general, refleetion nelmlae are relatively him*, .sineeseattering 
increases with ileereastng wavelength, while emission nelmlae are rela¬ 
tively red, .since If a is usually the strongest line. 

In a typieid emission nehnla the gas is highly ionised, so that the 
density ol the electrons and N^i of hydrogen arc practically eipial. 
Ilie surface lirightness depends on the electron ternpt'rature T and 
is proportional to and to the tlnekne.s.s r of the emitting volume. 
Since to a Iir.st appro.ximiitiori is always of the order lODOO" K, the 
Kurhiee hrightness is essentially determined by N,i^ . r, called cini.ssion 
nuMtsnre by Strllmgren Tlie low value of compared to the much 
higher ternpi^rature of tiie exciting stars is due to the cooling effect 
winch n«stdts from the excitation of forliidden lines by electron eolli.sitms 
which reduce tlu* mean kinetic energy. Typical Iiright emi.ssion nelmlae 
represent densi- clouds excited tiy one or several stars in or very elase 
to the cloud. An exciting star witltin a cloud can ionise the gas only 
out to that distaiHH* at which the ionising radiation is eompletely 
nhsorhed. Tims an H II region obtains a radius a wliieh depends on 
temperature imd himinosity of the star ami on the density of the gas. 

A few typk’ul values of the radius tt of t he ioniseil region, the Htrumgren 
.spliere, are {h in parsec; /V„ in cm ®); 

Spectral tyjK* of exciting .star () r> 0 7 B 0 

X 140 A'/* HO AV''* 20 ■ 

A bright emission region .show’s tlie complete irra.s eloud only if Uie elouft 
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is KmitlliT than ihrStri'ini^m-n •♦j*hrr«’, In w«in nln«l« ««'«»ii r. n>.i 
{‘asy ttt {icridr wtirtlitT thr .Slrunigrrn »i}»lirni- .*r a < tumi h m-m, 

In luhiitiiin t(t tfir lyjaral rmi^iHii nrlailin*, thr « »,}' l-irpr 

extinuU'd amis of fiunt mniv'iion ton Irrn %lnt»o to-.! t»i yitu%r im4 
his tHillrajjucs, TIh’ rxdtatioii of woli r%!r*n!««l H t! i% mo-.iH 

duf to thp mdmtinn lU-hi of ridhrr fluio lo « ao>|*}t 

From tlu» iihscrvfd rmisdon inraMir*’** %nlor% of nr.- fmiiol %»iorh 
range from 10 “ to to® fm"® for Ihr rrnlnd |Miri *4 iIh- Unon 
an exceptionally dense cimid, to t cm » for thr r%ir,„|,.4 

emission region*. 

The study tif the apja'amner of nl»*»cnrnig rlomH anil rntiHmi? (*m 
has {H'ricfitted greatly by thr »«• of .Srhinidf lrlrw-<.}»« ^ li ..fh-r ihr 
possibility to oimerve large urea* of tin- *k> w-ith j*.*.-! drlmition «, 
different eolors. I’nrtieulnrly nwfid are rnjutwjr** »»lb r^lwtnrli 
restrictt*d speetral range in flie retl. .SInre II n ii*unH% ih.- *iroi»gr%t 
line ami the interstellar nhwirptnm »lrerw*rs thr rr4. %rrv 

faintemiH.sion nehuliwity Iwejmirstibspriable wfiirh »% n»i, iinhlr on pl«!r% 
taken in the hliie. Ahsorhiitg elotids aetnally lunr |r»i» *01481^*1 m tjir 
red than in the blue. Itnt relative l« the *iky, »th.*nr l«un* 

the exposure time, the hin*kground of j»t«r« an*! rin»%*ioit nrt»<ib*%Hy 
brighter in the red where the absorption i** hittrf. For !b»». rr«M,}, * 4 rii, 
elmnls can Ik* obscTved la tter in the red. 

If one IfKiks at the eentral Milky Way* it lirtanm', «! „orr 
that^tlu* sehematie pietnn- of M-parnfe domh «r ki 4 ,«„„,|rf 

has little resemhlnnee to reality. An rntirriy i-lnwlir nmm of rkwid* 
of all possible shapes and siw’m appears pr»*jr«irtl m* tiir l*a»'kf,*f»niml 
of stars ami faint emisshm mbnhwly. The !mr«f «.«lr »4 Up 4rt«i}» 
eunnot he assessed easily. .Some idea of the «*.»!, ,Mn ohi.»»i,»4 from 
the bright emission nehtdne in the area. Thr Trnld mb„l« f\i.i hahj 


* IVliils iuhI Hlidfs, iiiiMUly from plMU-* »4,»,«o4» 

telwofs- on 1 alomar fur SI,,- 

Ohwrviitory .Sky .Survey, »en 4n»ti» «i iw 

mpplhle to nehnle .fam m ,r„.rnl o m h , , 1 L” 

and M. C. (alvprt, ((inieate Jn^itiilion „r |„ 

etiee is Iteing ,„nm. to «lm,rj,t|,.n .Irtinl by momu |**r4 

B . It whmild Ik* noted llwt »»riwr»IS atbo j4e44»,#»«j,|« j„ n*,. 

gives mit alwny, „„ ndwiUBtr pk-mer 4»f .|riai| „„4„ 
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h II tyi>iea! ernissimj tielmla at a tii.stuncf of 700 imrsec. Attlu.scli.stuiuH! 
tlir anpiiitr tlifiiiietor of nliout 80 ' cormspoiuls to a linoar (Uainrter of 
nhout (I parM-f. Konu-what .snmllcr than that of the “typifal” cloud. If 
!hc^ acliula is the StriitUKren sphere of the exeitiiiff star of tyiie 0 7, 
%\hieij seems prohahle, the density of the <’loud is roughly 100 eiu ^™, 
Altiioufjh sonic dark ehnuls can he setai wliieh may have the approxi¬ 
mate size of the “tyjiienl” ehaul which is indicated i>y the 'rrilid iiehuJa, 
they are certainly not a iire^niling feature. Instead, hufje eomplexes 
of clouds eoverinit many stpiari* tlcffrees are sei'ii, broken up in numerous 
irregular details, \ ery notieeahle are also some small clouds with very 
heavy ohseuration. often with very sharp homularies. 

'I'liese small clouds are in some respects very similar to the ahsorjitiou 
detail wliieh appears projected on l)ri«ht emission nebulae, 'flu? dark 
cloud H Shi, lor instance, sltows a very dtaise cloud with a very sliarp 
eastern ciIkc. It cannot he at a very lar^{e distance since it is virtually 
empty ol stars. It may well be ipiite similar in size to ajiparently much 
smaller h'atures oI this type in emission nebulae which it simulates in 
shape. Only iieeasionally, lanvever, can very small condensed clouds 
he hamd which are eomparuble to tlu* linest delatl superposed on some 
emission nebulae in large mimbers. Krpinlly rare are .such remarkable 
objects as II 73 and H 81 which show teiilaeles v^ery similar to the 
spikes or elephant trunks'" which are not nnfrecpient on tlie baek- 
ground of bright emission nebnlae. It is not eerlain wliellier the features 
seen projeeded on the .Milky Way arc* larger than their ecumterparts in 
emission neladae. It is {lossilde that very small clouds escape detection 
on tla* stejlar bnekgrcamd. but it dues not seem likely flint this explains 
their seureiiy. It should be noted that large areas of the central Milky 
Way shenv a veil of very faint <-mission neliulosity. This may be ini> 
jKirtunt it certain features ot dense elouds depcaid on their heing eni- 
la-tlded in ionised gas of high temperature ns tiudr frecpieut oeciirreuec 
m II II regions suggests. 

.More ehuraeteristie for tlie central Milky Way tliaii small and sharp 
details are diffuse and often elongated elouds, sueli ns the famous lane 
c-nst ctf £j <>iihiuehi (Ilarnard, jihite I t) wliieh extends with a width of 
nbcait tU' for more* tiiaii 1l ‘ and eontinues for several ilegrees in 
brokc-n clouds, t’urved and twisted elcaals are not mifretpient. (lood 
samples are tlie .¥-shaped marking II 72 or tiie twbting dark lane 2'’ 
north of fiH Ophiitehi wliieh seems to end in the west with the tentaeled 
cloud li H t. Hystenus of nearly straight laticH frecpieutly give the im- 
prc’ssiou ol a (tow iiattt‘rn, .Sonietimes such m'fternu rmudnif in dlrre»>erif 
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directions are superposed. Such systems may also consist of many 
small diffuse clouds, as in the area, shown in Fig. 1, which almost 
simulate a cirrus cloud. The patterns do not follow a fixed direction 
but are obviously curved. 

Reflection nebulae show usually only rather diffuse structures with 
little sharp detail, as is to be expected since they are merely illuminated 
clouds of basically the same character as the absorption clouds. Tlie 
outstanding example of a reflection nebula with extremely fine detail 
is the Pleiades nebulosity with its sharp striations. Individual streaks 
are about 0.005 parsec wide, about 0.5 parsec long. The nebulosity 
extends faintly to a considerable distance, particularly to the east. The 
directional quality of the nebulosity remains clearly visible, but tlie 
fine structure is absent. This may raise the question whether the bright 
stars of the cluster influence the structure of the cloud in which they 
are embedded. 

Large emission regions show many details which are of very similar char¬ 
acter as the absorbing clouds. The region of the North America nebula 
and the nebulosities near y Cygni are one of the best examples. A small part 
near the western rim of this area is shown in Fig. 2. All the nebulosities 
in the region seem to be part of one huge mass, cut in two main parts 
by heavily obscuring clouds along the galactic equator. The emission 
is excited by many 0 and B type stars at a distance of 700 parsec* If 
this is also the distance of the nebulosities, they fill a diameter of 250 
parsec. In the brighter condensations is probably of the order 80 
to 50 cm'"®. The average density of the whole mass is obviously much 
lower, probably not much larger than 1 cm””®. Towards its outer edge, 
particularly on the western side, the character of the nebulosity changes. 
The chaotic structure is replaced by filamentary structures and 
striations which are many degrees long. The filaments become ex¬ 
ceedingly sharp north of the area shown in Fig. 2. These structures 
seem to envelop the area rather than follow a fixed direction; in the upper 
part of Fig. 2 the direction is approximately parallel to the galactic 
equator. It is tempting to assume that the formation of these structures 
near the edge of the mass is the result of an expansion of the mass of 
gas into space of much lower density. 


Fig. 1. Region in Ophiuchus; center 17^44^, —24°0'. Photographed with 48 inch 
Schmidt telescope, I 6200 to 6600, scale 1 mm = 66" (1.01 X original she). 
Copyright National Geographic Society—Palomar Observatory Sky Survey. 
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Tlir brtfthtrr rt»f«irns«ffr*ti»i «f thr iitiiHx im* vrry rit'h m fln« 

(Irtasl of the kind fyjiirii! for hrijjht ernissitju judmliw; 
••liarjify lx«m4i"<J rl«tid«, ninny vviHi “drpluuif tnmkH", nnd very 
MiMill. opiM|«r ikmI tlivrrforr jimbttbJy vrry ih*nHr vlmidH. Fnrtitndnrly 
riffi in Mirli drtiiils m the area we>it iiimI wiutfi at tltc North Anw'rk'a 
nehnta. ivhirh ti shown in fi. It wintiiins one of tln^ mitstandin}| 
“ftephnnt tininks’*, in an nrea tiHi much ovcrt'X|KiNcti to show it in 
Fi^. 8. Itcniiurkfthlc striatetl nhwirptioii features are in this area. Two 
«y«tcm« are snjKjrfxjsieil which form nearly a ri^fit nngh\ The liner 
striaiions of the north^sauth system begin tti ajijiroach in siiarpness the 
strinfions in the Plciatlcs nclada, tnit an tiu; wiiolc the structure is 
mure diffuse. 

T> |>ieid itright einissioii netndac show in many eases not the whole 
elinid. inil only the Strimigren spiiere of tin* ^•seiting star or stei*s in 
the erjjh r, 'fhe hrigfit eentrnl region is often surrounded hj' extended, 
sometinieH extremely faint emission nelmlosity. This ean indieate tliat 
the bright ^•elltrid jmrt is really a eentnd eontiensntion of high density, 
but it iiNo may Iw the result of weak exeitation of parts outside of the 
Sfriimgrrn sphere by more tlbtiint stars. If a bright nebula is in the 
eejiter of a dark cloud, as for instattee I (' .11M, the interpndation of 
the himincnw jairt as a Ktri'uugreu sph<*re seems obvimns. 

fhily rarely we all data available which are necessary to discuss 
tills iptestion. The nebula KtfC ‘i'iti? Hn, surromuliug the open eluster 
N'ftt''HlUt and exeitfxl by its () awl U type stars, may serve as an 
example •*. 'fhe nelada appears as a liruad ring witli an average 
snrfaei’ brightness of 1.8 , H) ® erg em ® see >, At a tli.staneo of 1400 
parsec the linear diameter is 8.1 parsec. On the assumption that T*,, equals 
ICHHMt , tlie Hurfaee brightness eorrcspowls to .V^, ?== 18.5 enr®. On the 
other hawl, if tlie border of tlie luminous area is tlie islge of the Striim- 
gren sphere, A'/, would la* 15 cm ®. The agreement is giaal; it would 
Iweome eomplele if the eleetron tenqieraturi’ were slightly higher. If 
in this (’use tla- bright part wotdd not in* the Strbmgren sphere, it wmdd 
hitvr In be assumed that by mere a<*eiileut the dense part of the eloud 
has (he rvnet size of it. .Hjiretroseopte investigation shows that the low 
intrifsity in the renter is not due to very high ionisation of the central 
region, but indii-ates low density. The uebnla thus seems to lie of the 
sttine gi-nera! type as ringshaped neliulae in other galaxies. Its tliameter 
is of the eojreet oilier of uiiignilitde. A natural explanation of the ring 
shajs' would is* expiuision of f he hot gas in llte II 11 region (ef. Ch, 28), 

'rill- m Jiula also shows a rieh eolleetion of small awl dense dark 
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I'loluls. The Hiimllret tif thrsf* fwit'i* «!i«nn'frr'» <«f Ir*** Ihiu* *»'. i-urr* 
sjK)!ultn}( lc» O.dJfil jtursiT. \‘i ry uftru %hiirj4y ilurk «>*« ru 

jjrojreted on eiuisnion iirltiiljit' hnvr hiniitmu'* «<hf< 

Ht'tul uebuia, the rniwt f»if»ili«r rxiuiqilr «*f !}«% in 

lirbuliif, .surh huniiimw rdyes iirr \rrv Jmjiiriil, I i«r m lmln It 
a very iuTOiiKjiit'UtniH nhjrrt in thr blur. m ll»r r»*»l nn nrr» 

sumiumh'd l»y liright edKen, alt nf thriii iiiMard*., \<i « rnir. 

typical bright, edges m'Ui t« apjH’ar only ««»» llwl Mdr nf « rlmn! ttbn-lt 
points toward the cxcititig star, Thm* is at pn-iriil im «%nlriir<' ilmi 
the excitation from the star tlors not prmidr nu »dr«jii«ir r%|d«na!inn 
of lundnous cflges. The exciting radiation ramiol jw’iiririii*- derph into 
a dense cloud. If only tlie mitemiost Ittvers ot »i rloml nn , m nird, « 
luminous edge may Ir seen, just as. in » riimnin* rloiMi |*r»»|iw''ri% 
illuminated by the sun. Tims, while the shii}»rs nf thr .Iwrk rlmids mat 
he and prohahly are tletcrmiiird by bydri*«lyi«Mnnc?d f«»rc» tbr r uritwtnnt 
may be provided by a star. If. on the other bund ll»r rsnfiilmn i% dnr 
to meehaineal heating of the iMiitiabiry by ibe wlrraeiijm |»riwrrii 
eland and Kurrounditig gas, ex pan'♦ion of the II It rifiian *n«ild i xpliitii 
why luminous edges iMiint iiiwanls. Itufortuiwtrly, « rirnniH 
between radiative »ntl roUyomil rxeifatiou by s|iprlriw>«|itr obw-r' 
vations is usually not fKissible {m?i» the iiiMnis*nni sn t'h, IHI, 

Some information on the iutrr»trU«r giw n»ny ir obtinnrd from 
ohjeets which are not part of it. luferortion with »br in!rrtlrlh»r g*t.* 
has been suggested for eertiiin objects which arr «»f rxiMniding 

gas. Little is to he added to the diwriissiou of tiiew' tibfreH b% *. 

The origin of the great imip in (’yguus is still not drllnitrly r*t«il.bd»wl. 
The renuirkiihb fUiunetilary struetinvof thr nrbnlmiiy, wlneli nwi, |»<i%e 
a counterpart in It* 443 . Iihh not yet round « bill rsplanutioo. 
with the mterstc'llur gas may Is’ tin* ittain fm'lnr, liowr%rf. the 
of the giiH does not SWUI to be excited bv inatiitg ilu< in nn'rliwnir.*! 
causes. A diseussiou ol the s|»(’etrnui ft'h. IW} 1*1 tbr 

that the exeitutiou is provided by nidiatmu from ,1 h«4 -inr. 

To Oort’s diseussiou of the shell of Snui lVr%. H l««ii f iwalni.y ran 
be added at this time. 

I he only superiiova shell which ran Iw invrstigufnl m n ibr 

Crab nelmln. It eonsislH of tw'o parts, an inner ilifirn%e w bicb s|«»w» 


Fig. a, Hegion in t‘ygnus; wiiter'io»*}j«. i w ix. Idiot,w,th 
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a hpvHmm without oliservnhlF tanisshm linoH aiul a hut- 

roniiiiiriii tnri^s i»f filiitiirrits whit*Ii sliovv rousHioii lirics rcscatiblinijf the* 
s{a*t‘trii ofdriiiaary laaiHsioii nalHiIiua Inti the* 11 linrH in this ,sjK*(‘irtini 
sriait to 111 ,* rc^liilivrly wrak eontjiam! to the* liiioM of Ih* an Ih*^ tis \vc*li 
as to tlir fiirlikhhni liiieH of tuaivior ionn* 1'his tnay la* tin indic*ation 
flint I lit* hydronrit abniHlancH* In low% Ha* theory oreolli.siotml excitation 
Iihh not clcvclopcni to a ,slaitc* vvhieli vvouhl jK*rmit a (liseusHion 

w’hcthrr collisioiml cxcntiition of the lUatncnils nii^dit; {>lay a role* (New 
upretrimnipie evidence ohlnitanl affc*r the syinposinin nhows that tlie 
iiTcgidar lihajie cif file onter i*dge of tin* filana^nis is eanscnl by random 
iiiotionH nji to several Imndreti km scs* suinn’posin! on the* expansion 
with II %Hdoeity of I HIO km sec\ Xo ev idetiet* lor retardation at the edjiCe 
Clin be foiiiid.l A new disenssion of the obsm’Vutions allows that tlm 
riretrem temperature in the c’entml miisN may hv as high as 2.10^ 
dr’i^rsi'^. At sueh a temperature^ camversionof intc‘rnal mt‘ehani{*alenergy 
liiight be iin imporfitni laetor for the i‘xeiiaiion of ilie inner mass. 
Its sifife of motion eannol be obsc’rvrd in the ahsemet* of emission lines* 
iini hieli internid motions are suggested not only by tlie diffiiHenesB of 
tile iiiiirr ijiiiHs,, blit also by the strong nondlic’rmal radio emission of 
the rrnb itrbula siii«*e sueli emisHion seinuH to be eonneetcal witJi the 
iireiirrenee of large riiiidotii mol ions. 

Aticithftr rliiis of objects wliieti riiiglri Hlanv c*ffeetH of hileraetiori 
%vitli llie Interstellar gas iiri* plimctiiry nebulae. Hiese exjamd with. 
vrl«*itl« of the order of IMI kmjm%\ Hu* dennitiesH range downward 
from ICI^ eii'r'* As iCiiiwlrfi has first remarked, the border of the gas 
is not visible in bright pliinetaries wiiieh are optieally tbiek for the 
rxciling radiiitioru wliieli is exhaitsled liefore the edge is reaelual. 
Sinre w”ith progreHsing rxpimsicm the gas chmsity and the ojdieid 
tliiekii€'*ss deereiwt% exeiling radiation will finally reneh the border and 
to Irak out* This might explain wlty some* idafud'iiries^ sneli as tlie 
ring iu*fadii in Lyra (iXtiL 11720), shtnv extremely faint; euvelopes sur- 
rotmditig a lirlgld i*entrid r«*gicm* In a still later phaKC, the exciting 
radiation will penetrate the gas completely with an ever inereasing 
loss of c\xf*iting energy* Hie nelinla will ftien luive %u:*ry low snrfaee 
brlgldness, Inti flu* cmliri* gas will lie sc*en* It seen-m prolialde I fiat 
nebnliu’ in this jiliase are among planelarii*H c.if extremely low snrfaee 
brl||hini*ss wdiieti are lieing fcmiui with the* inc*h Hcdimiclt lc*Ieseo{H** 
The faint envelopes tif bright idimetaric*H and many low siirfac’c* firiglii^ 
ness |diinetaric*s slunv cndc»r eclgc*s whicli are brighter than the* mljaecmt 
Inner parts* It is templing to assume tliat stieli Iiright edges are tlu^ 



IS 


u, HI i 


result iif ituti tin 

into whifti tlir tirliuliir r^jiiitnl. 

Fiimlly* funr’ttirrrnul riuli*^ Miiirrr% %}is»iil4 rm iif3oiir4 1 Ih 
Eueli HiHtm* hi prill i% « utinihi uli^^r ,ih4 

hitherto iinkiuiwn typr* tH «iit»tiiiiiliii|| iniit nrr ihr r%frrtiirii In^ih 
riiudotu IllfitiiHIS itir iiiffll%r Mllilll rl«iltl'«». 1 llf'ir riiduii lrl«irii|r% 

riitlge frutil IKCKI In ^ ftlMgl klii %rt% mtiiishirH liiilmr i%n% « % ion 
of the miisH, A vriorily i:ib|»rrdiiii nf %r-vrfml Iiiitplff4 km ^ i'ium4 
in ilKlivuUittl ebiiib of tlih ty|«“« ^iifln^r i%iUih 

fire sliarp iiml siiiiilter hit% of gii%» mitli intit'ioil of fiiinillrr 

spreiuL Tlieir riicliid vr!of*ilk% riiiinr !iii4«rrii ii find ii«i km r4#i\ It h 
posHihlr that they fiirni it 4oiily r^jsiuiilitin 11ir «fimi 

mnircTi {"ygruts A is of riitirriy iliffrrrnl It i% psnr «4 in 

actual collision. In such ii isiltision *ir<irii intrrm’'imm iinoa omir 
between the gm iititHses of the syslrtii%. X'o *if 

the intense ritilio”rniission hm Irrti Imt ii h iImiI 

interaetion of fitsfmovinn pis rliiinli, |iroiiiili|y iiinlrr ilir niiloriir-r itf 
magnelie fields^ must Im* Ifir mnirrr nf tiriri llirmiiil riiiii» riiiiatirin. 

mmiumrm 

* Prfihlmi'% of Cmiitinil Arpslytiiiniir^, rrs^lr^l Air thmrnmni^ 

^ It. I» Ewcit ami 14 PmotII* Kiilurr toi, limiumt 
^ tk A. Mwllcr am! *1. Ih llt^rh Xatiirr tW* HIT 

^ W. h, tllltrief, Hf#nrr liE tm fllW'in A|» J. III. J % ||#li 

»%cicncc IHfi tfllHtmith *-h Hall iiml A. th ^likric'lk JAtl# I s 

1 (tone)). 

^ L. Davii Jr. itml .1. L, UtprmMth A|r J 111* iiinin h it m$ul 

J. Tukey* Ap, J. 114* IM? flirilk 
« T. Hold* Ah K. 

’ Ih Htrllinpcii* Pn»ti1mtis of Vmmknt lioiial lit titr#riitf 

CHflcc* Ditytrai* Clliio {|||5t % |i, t; 

* Ii, Minkowski, Ptili, H, lA fH, hit flliSIO, «4 IIp” 

nrttulit. Thr In iitr prrsrni frfiorl «rr hnm^4 m$ mwmmr% «f tl» 

iurfnechflghlnrwliy (k K. lironiitid ffir|»% II I % |; 

ami A. (*odr* Ap. J, IIS* Ilia flimk 

^ J. U, Oort* P'roliIrroM of is»siiil«»iii Arrf^|%ii#iiiilr«, imifaii |iSi« titnrtiia 

Odicc* Dayton* Ohio (itlAlk p, im. 

J. 1.. Oreenstein itiitl if. Aliiikom-^kk Ap. J, IIS* I 


1%. 8. Region in t’ygriu.: rmier . la wr. m»h i* inrh 

Selmudt tele«'oi»e. A naSKi in JWifm. «,,{e t mm -■ mi' ,s m nn0,mi 
Copyright Niitioiml (Jeogrupliif f%*»»^rv 
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EXTRAGALACTIG STELLAR SYSTEMS 

BY 

A. BLAAUW 
Leiden"^ 


Stellar systems outside our own system (the galaxy) are important 
for the study of the behavior of gas and dust, as they provide information 
on its large scale distribution. There appears to be a large variety of 
structural patterns among the extragalactic systems. It seems very 
likely that they have a bearing on their dynamics and on the stage 
of evolution. 

At the symposium, an introduction on this subject was given by 
the late Dr. E. P. Plubble, who died shortly after the meeting. At the 
request of the organizing committee, the present author undertook to 
write a short account of the main points of interest for cosmical aero- 
dynamicists. Not without hesitation, however, as it seems hardly 
justified that anybody not experienced in the observation of extra- 
galactic nebulae should try to present such an account. The justification 
for the present report lies mainly in the fact that none of the other 
participants seemed especially entitled to the task, that Dr. Hubble 
limited himself mainly to a description of his system of classification 
which has been fully described in his monograph, ‘‘The Realm of the 
Nebula”, and that the present writer had the privilege to inspect a 
part of Dr. Hubble’s large collection of photographs of the brighter 
nebulae a few years ago during a stay at Pasadena. 

THE HUBBLE MEMOBIAL VOLUME 

Dr. Hubble realized that only a few workers, both theoretical and 
observational, have had the opportunity to study the detailed structure 
of nebulae as shown by large scale photographs. He therefore formulated 
a plan which would make available to astronomers a photographic cata¬ 
logue of extragalactic nebulae. After Dr. Hubble’s death Dr. Allan 

* Now at Yerkes Observatory, Williams Bay, Wis., U.S.A. 
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CLASSIFICATION OF EXTEAGALACTIC NEBULAE 

The following describes the classifications into the types introduced 
by Hubble. The quotations are from Chap. II of his book, “The Realm 
of the Nebulae” to which we also refer for illustrations of the sequence 
of classifications. “As a first step the nebulae are divided into two very 
unequal groups. The great majority are called ‘regular nebulae’, since 
they exhibit, as a common pattern, conspicuous evidence of rotational 
symmetry about dominating, central nuclei. The remaining objects, 
about 2 or 3% of the total number are called ‘irregular’, because they 
lack both rotational symmetry and, in general, dominating nuclei. 

“Regular nebulae are either ‘elliptical nebulae’ or ‘spirals’. Objects 
in each group fall naturally into ordered sequences of structural forms; 
and one end of the elliptical sequence is rather similar to one end of 
the spiral sequence. Accordingly, the two sequences are oriented, for 
purposes of description, as though they were two sections of a single 
larger sequence containing all structural forms encountered among the 
regular nebulae. The zero point is arbitrarily selected at the free end of 
the elliptical section. The progression throughout the complete sequence 
thus runs from the most compact of the elliptical nebulae to the most 
open of the spirals, a progression in dispersion or expansion. The terms 
‘early’ and ‘late’ are used to denote relative position in the empirical 
sequence without regard to their temporal implications. These emphasize 
the purely empirical nature of the sequence of classification...” 

It may be stressed that Hubble’s last remark still holds: There is no 
clear evidence yet as to which type of spiral nebula represents the young 
or the late stage in the development of spiral structure or whether 
Hubble’s spiral sequenee represents a sequence of ages at all. 

ELLIPTICAL NEBULAE 

“Elliptical nebulae are designated by the symbol E. They range from 
globular objects through ellipsoidal figures to a limiting lenticular form 
with a ratio of axes about 3 to 1. It is probable that all regular nebulae 
with main bodies flatter than this limiting form are spirals...” 

SPIEALS 

“Spiral nebulae fall into two distinct but parallel sequences, con¬ 
taining normal and barred spirals, designated as S and SB, respectively. 
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¥ig. 1. NCJC 2841, Hubble’s type Sb. Note narrowly wound spiral arms around 
extended luieleus. 200''' Photograph, scale 1 mm = 8."6. 



'ig. 2. NGC C28, Hubble’s type Sc. Note dust lanes and patchiness of spiral arins. 
200" Photograph, scale 1 mm — 4. "5. 
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Sequence of Spirals 

“Progression in the two series is fairly indicated by the relative 
luminosity of nuclear region and spiral arms, by openness of the arms 
and by the degree of resolution... 

“Provisionally, each sequence of spirals has been subdivided into 
three sections designated by the subscripts a, b, and c. Thus Sa, Sb, 
and Sc represent, early, intermediate, and late types of normal spirals 
and SBa, SBb, and SBc, represent the corresponding types of barred 
spirals... and nebulae intermediate between E7 and Sa are occasionally 
designated as SO...” 


IRREGULAR NEBULAE 

“Other nebulae, between 2 and 3% of the total number, show no 
evidence of rotational symmetry and hence do not find a place in the 
sequence of classification. These objects are called irregular nebulae and 
are designated as Ir. About half of the irregulars form a homogeneous 
group, in which the Magellanic Clouds are typical examples, and their 
importance probably merits a separate division. Since their stellar con¬ 
tents resemble those of very late-type spirals, they are sometimes consider¬ 
ed as representing the last stage in the sequence of regular nebulae. Their 
status, however, is speculative and the absence of conspicuous nuclei 
may be of more fundamental significance than the absence of rotational 
symmetry, which is a possible consequence...” 

THE DISTRIBUTION OF GAS AND DUST 

In their article in the report on the first symposium on cosmical aero¬ 
dynamics, Baade and Mayall ^ have pointed out that gas and dust are 
recognized under very different circumstances and, therefore, must be 
distinguished in the discussion of their distribution. Dust reveals itself 
by absorption of background light; gas by emission spectra. 

From observations of edge-on spirals it appears that the dust usually 
is distributed in a thin layer highly concentrated to the equatorial plane 
of the system. T hi s is similar to the strong concentration of interstellar 
matter towards the plane in our galaxy. 

The distribution of gas, as revealed by the emission nebulae, can be 
followed only in so far as highly luminous stars are present which excite 
the sas. It is eenerally assumed now that these highly luminous stars are 
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formed in the gaseous medium and that the distribution of the bright 
stars, therefore, reflects the general distribution of the gas. As these 
bright stars define the spiral pattern in the nebulae, it is inferred that 
the gas is also distributed in spiral arms. In the case of our galaxy this 
is demonstrated very clearly by the radio measurements of the 21-cm 
hydrogen emission. 

As was described by Baade and Mayall, the interstellar medium in 
the central part of the Andromeda nebula is shown especially by the 
absorption pattern. Dark lines emerge from the central region and gradu¬ 
ally change into the chain of blue stars defining the further course of the 
spiral arm. Evidence from the Andromeda nebula and our galaxy as well 
as theoretical considerations suggest strongly that gas and dust, on the 
whole, are mixed so that they define the same spiral pattern. One might, 
therefore, assume as a working hypothesis in studying the extragalactic 
nebulae, that the distribution of the dust also indicates that of the gas. 
This renders particular interest to those spirals where the distribution of 
dark matter can be followed into the nuclear regions of the system, and 
to those where the shape of the dust arms seems somewhat different from 
that of the main arms. A discussion of dark clouds in galaxies was already 
given by H. D. Curtis in 1918, and by Lindblad ^ at the first symposium, 
with special reference to NGC1300 (M 63) and NGC 3718, and in various 
publications of the Stockholm Observatory. 

The transition of the bright outer arms into the dark arms in the central 
regions is also very apparent in other cases, like NGC 4303 (M 61), 
NGC 4321, NGC 1365, NGC 3184. 

STKUCTURAL FEATURES IN GENERAL 

Particularly striking from an inspection of the Mount Wilson collec¬ 
tion of photographs of nebulae is the large variety of shapes of spiral 
nebulae. One cannot escape the impression that the emphasis in hitherto 
published pictures of spiral nebulae is so much on the cases of regular 
and pronounced spiral arms in late type spirals likeM 31, M 51, M 81, 
M 101, that the sample they represent on the whole is a special one and 
somewhat misleading. 

Randers ^ has already drawn attention to the tendency, found among 
many types of nebulae, to show circular rings or a system of rings. Some¬ 
times these rings are the only noticeable feature of the nebula next to 
the bright nucleus (NGC 3081). 

In other cases the rinp* seems to separate the inner part of the nebula, 



J. NCJ(! i:j()(>, Hubble’.s type SB(r. Note .sniall (central <!on(lensation 
lanes. 200" I’hotograph, scale 1 mm =-- approximately. 
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with or without its own inner spiral structure, from the outer spiral 
structure. Ihe arms in the outer part—^usually two—^wind from the ring 
and not from the nucleus as does the dark matter in the cases referred 
to above (NGC 1357, 2545, 2776, 2889). 

Ihe inner structure within the ring, when present, may consist of a 
bar (NGC 521, 638, 1358) or of a sometimes very pronounced and regular 
spiral structure. A striking case is NGC 1530, where this inner spiral 
structure seems especially pronounced in two dark arms emerging from 
the nucleus. 

Other cases with markedly separate inner and outer spiral structure 
are NGC 4314, where two faint outer arms trail from a bar within which 
there is a marked spiral structure defined by the dark as well as by the 
brightest matter, but somewhat rotated with respect to each other; 
NGC 3277 with dark spiral structure in the inner part, whereas two outer 
spiral arms emerge from the edge of this; and NGC 3301. 

Among the late type spirals, some show a large multitude of arms or 
rather portions thereof, and not just a few arms which can be followed 
from the centre. Sometimes this is also observed in the case of a ring 
breaking up into many slightly inclined fragments (NGC 278). Many 
arms emerging from the central ring are found in NGC 2532; other cases 
(NGC 1425, 3147) show many faint secondary spiral shaped connections 
between the main arms, or just many thin arms running from the edge 
of a central disk (NGC 3486). A somewhat different class seem to form 
the nebulae where two main arms show many branches, almost equally 
heavy as the main arms (NGC 2276). 

The above notes do not give anything like a complete impression of 
all types. They are rather intended to stress the enormous variety of 
patterns of spiral nebulae which it will be very important to study in 
more detail to both astronomers and aerodynamicists interested in the 
subject. 
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Fig. 1. Large-scale distribution of atomic Hydrogen in tlie outer parts of the 
Galaxy (from B.A.N. 452). 


the interstellar gas. The profiles of the 21-cm line observed in various 
longitudes show pronounced humps at various velocities. These are due 
to large-scale unevenness of the distribution of the hydrogen. If we 
know the way in which the rotation of the Galactic System varies with 
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the distance R from the centre, and if in addition we know the distri¬ 
bution function of the random motions, it is possible to transform the 
line profile giving the intensity as a function of the frequency, into a 
curve giving the density of hydrogen as a function of the distance from 
the sun. In this way it was found that the hydrogen (and probably all 
the interstellar matter) is concentrated in long “arms”, which are 
presumably wound spirally around the centre of the system, like we 
observe them in the spiral nebulae. Fig. 1 shows the genera] distribution 
of hydrogen in the outer part of the Galactic System. The shadings 
represent the different densities in the galactic plane. The attached 
numbers are numbers of hydrogen atoms per cm®. The numbers just inside 
the frame are galactic longitudes. The sector from 220° to 320°, which is 
invisible from our latitude, has not yet been observed. No data relating 
to the inner region of the System are shown, as these are still too 
incompletely known. 

The arms are probably mainly made up of gas, but are embedded in 
a medium of stars with a rather larger overall density. While the gas 
density in the arms is about 2.5 x lO-^* g/cm®, the average overall 
density of gas -|- stars in the vicinity of the sun is about 6.6 x lO-®^*. 
The gravitational potential field of the Galaxy is principally due to 
stellar masses, the gas contributing only a small fraction. 

The arms are flat structures, the thickness perpendicular to the 
galactic plane between “half-density” points being about 250 parsec. 
The corresponding width in the galactic plane is about 3 times larger. 
The space between the arms appears to be practically devoid of gas. 
Like in most spiral nebulae the arms in the Galaxy are irregular. So far 
as one can judge from the parts of arms disclosed so far, the direction 
of winding compared to that of the rotation is such that the arms are 
trailing (in Fig. 1 the direction of rotation is clockwise). In general, 
however, the arms deviate but little from circles. 

Over the entire region of the Galaxy surveyed, including the inner 
parts, the gas clouds are closely confined to the same plane, and form 
everywhere a layer that is extremely thin in comparison to its total 
extent in the plane. The average motion appears everywhere to be 
practically circular around the galactic centre. The angular velocity of 
rotation increases towards the centre. Fig, 2 shows the variation of the 
linear velocity with distance from the centre R in kiloparsec. Division 
by R gives the corresponding angular velocity in units of 1 km/sec.kps 
or 3.24 X 10”^’ radians/sec. 

It should be noted that over the whole of the Galactic System the 
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instnnc-e, the viiriation in i» if K >*• by ..n*- ki»* 

{K-r 10“ yrtirs. A'^ tin- li«i«' “f rmohitam «*«•«» •’«“ %, *,f ■, n 



Fig» i* Lhifiir VflwHy Mpiitllttfi In 4^i« 

» II 4 \ 14%| 

dmr thiit fill liHnik will Im" %rr% iisurli ^Urst^h m 

one ravalutton cif Hit iiytlerii, 

liferent nf t!tr Hl-rm rii4tiili«ti m ilir nf 

the* (iakctic* HyMtrrtu within II h}i% trnm llir irnitr, %h**m iIhiI m flm 
part tha irregiiliir mnluitw in thr pw Imnnr imirli hiri?rr ii« m ilir 
iun They ara tn nf tlir siriirr «f Mi isi tii I in -^-r iti ilir 

regiem betwmi U iiitd kfi?* fmiti tiir iTiilfr, «ti4 %%M r-^n 

Hiderably higher in ilir rrfiiiai W'itinn t.fi kj«.. Tl«% ppln^^iir® iIiaI ilir 
motion of thr gaii in thw frgknm iiiiiy niiirrnr'ii iiy tiirrl«iiii%iii 
■diffaring from that whkii Ilir ri 4 i«hsiii iiifiinni* m thr «isirr |Hirti 

of tha OElaxy. 




}\| uKMATjnx MX VKt.inS tv AXIl KKX.StTV I> t ST U f !Um O N 
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^ A. Illiiiitrw. ft.A.X, XtI,-will 1111521 . 

* A. SrliliiL r. H. St'limi.H iiiuJ I*. Sttmijirf. '/. h . f. Ap, 33, 11> l, (liMJi), 

* II. F. «tf litthi, r. A. Mtillt r Iiij.i J, II, ()„rt. B.A.N, No. -Wi{'l().’)4). 

* K. K. KM«r, r. A. .’Vliiltor Mfol t;. WoHtrrhoijt, M..A.N. N«t. .I.IH (Hl.lt). Sec 

hImi S rrmliiyrn Noil. Akitii, AitwIordBiH 63 , lit ( 11134 ), 


iJiStT'SHlMN 

livn nKi.nH: Ihiw in it rxjiiaiiirii that tin* n»iKnlar vclofity to Is 
ri»i!s!««i{ nrar tJir rruirr nf ihr Untnvv iii»l ilft-n-uscs like- l /r tinir the 
edue ? ' ' 

Ch»Kt. Ihe KriHititttiiitit! field in the (hihtxy is detiTiiiined ttiaiuly 
hy the ihstrdnilH.u uf star'.. In the very eentrul [ifirt we have ronKhlyi 
f.iree inner nia^s •. »-r. ^ r » /•. Assmninjij stHtioiuiry circular 

nrhiif* wr thru find ei ennstmit. In the tmter piirt.s tlie tnntioii is mom 

liter iirjilrr m r 

\ f\ it }«"fiiii!trd tfi Hfitiiujuify orbitn ur will the 

liirlitiii lit" iilinvr-ti iltiwii? 

Ill hit: At I hr |irrwtif rnlr Ilf riiliithiti ilw mm niUHt luive performed 
iiImiiii 211 rf^vniiitimri iirniitid ihr reiitre in the tirnr of 4 X 10*^ yearn* 
11irrr ^rriii.H nti fiir iipprrriiihir rlian^TO in tlie rotatJcHud velocity 

iinriiig tliii.l I hr intirr purt liiiH prrlornietl many more rcvolulicaii 
iiiiii fiiiiy liiivi* lirrii iiffrrtril liy Mianr liyilr«Klynitniic*al elfeeti# 

^ llir iiiniil jw* riirrfnl iti Iryinn derive the rnanH disiifibution 
from tlir oli^irrvnt liiw iif m |r)* iiii m thme fVa* otlier |(idaKieH 4 m tlie mann 
mmum m iiii iiitru'riil rijniiliiiti iind mucIi ef|iiatumH can nive renultH 
ilr'pntilmif very- iTilimlly on tfie injiiil tumtmm m{r). 

SriiAi"/Ai4%: 11ir ittrrra^e of w r» wifti inereiifilng r will according to 
till* Work of layliir and Jrffrry^^ make the outer partn ntaldc agninni 
nifliid com relive triiiedVr of momriitufm So the nom'imifonnify of the* 
rolisliim jiroliiilily eiiiinot Iw rorifihlrrrfi m ii eiitiHC of tnrhulcncc* 

Would flir filial Ihiit: Morpiii*fi. spiral nrmii nhow a larger 
ineliiiiitiiiu f Iiiiii thoM* frorii the 21-cm fine the problem of the 

ii||r Iif f!sr«ie* iiriiri? 

Ihiirr; X*h Ifityv m-'fiold hr %frrlclird out find viiutMh in a time of the 
mmtp order, wiy* 111^ yriirn* 

11ir hirl thill Itir iwwiciatioiiH of () ntarii that are 
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tiunighl 10 lK> forriu-d in »jnr«l «fnw. arr i !.«I-' i*-rv ««rrr» 

with this 

OnuT: It. wnuhl indr.-.t fr n rrumd tr.J !.. I.nd I ,-vidr„rr 

fnr vtnuig mtd tdd sjtif.d arms f.M SisI si.h- 1.^ %«.t. n* M,.r UaL.x, 
McChka: IhK-s Urn !«•« rimssmu .d 2t mh «»m. 

•1 nr ti'tit%^ nil lil«ilrriiicir ill !ls€»r 

nCHTHHIirtly lurun «”«> . 

n-gitms, cCg. twfium* id » h»« trm|H r«lnr. ? 

thu.n: A Imv tfiniirndurr in in.ul.l «!«, !«■ h! 

fur fin fdfsfm’u uf rndiidiun, wmild it ip»i ? , , 

OtmT: Tht* uhst-rviaimw nf tin- ‘it-rm lti>r .-an <.!»..« nnl>- 

tlu- Htmnio hvdmrn. Hu far «». thrw *4.M-riatmiu .it*' mr.l udrr 
arm spurt- might Ik- iillrd «ith imdrr.ikr h>dru«rn. ,.t «itl, 
hytlrugrii «i a triniM-riiturr r»iisidrri»lily l»rinM tha* ii» !hr r«»i»| 

dmuls in thr arms. »itt this hyjs»lh«’%i« ap|*»«rs tud»l..'b -u. tUr 
that, in tlu* Andrunirda mduiln at Irast. ttw dnsi <»t’> «•* t«* i«tur* M 
ti’filrd in thr arms. It wunUl rdwi In* diltiniil tu uud- r^luu-l «ln ..i* tin* 
pk’tuH* thf nmssivr yuntm star-* w«*nld rsrhmtrH t*r <**fuu-*t ul slir 
spiral arms, whrrr wr mitt ubsrrvi* thrm, imd nut r«pwlh *4<rn m thr 
rcgitms in iKdtt-crn. 
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moTmimmuc studies of southern 

EMISSION NEBULAE 

nv 

HAUT .1. HOK 

ihtn-mtf tMm'milnrjf, Vnmhridgr, Mam. 

Uumnt ilt*^ imst tiu, >nirx thr ArtimMh4)tinsiiik»IlHmirc} Tekscope 
i*f IhiUrSvImmit ilrMifii iiful flir/|,fi KrbH-Stninnr mmem, on loan 
Iroiii Mr. lti«'li«ril I*rrkiii, fnivr tirrai OHuti i‘?£t.rti? 4 ivoly at Boydcni 
Motion ff^r list' }»li«»ti»||fii|4i\' of iIri-riiii!i:Hion fcmtnreH of tlic* ntjuthern 
mu Way. fwi. piiprr^ flint follow, hy Ilorrit. iltillleifc imd by Bok 
mill W'liiir, rryairt fin tinier otitninni to dato that HhonltMia of 

%|irriii! iistrfr^it |of ot til*" ifa^ flyoiiinioH of intorntollaf niEttcii*, 

i lir Ilfdllrit jiiijtrr ilriiB with ii liiirvry of the? C’liritiH Hcadion of the? 
Milky Way, T!ii% w*rthiii k Inidiliiitmlly known m one* of fht* riehent in 
fi mill II %iiprr|,faint %titr% iiiitl it%%oriiitrd fani?«Hi<in nohiikiHity mul tluire- 
fnrf* mrntM Hprvml It ronailntr^ thr grriiteHt nrardiy ronetmtm^ 

liiiii III thr iiiiiwii iijiirfil iiriit%of thr Milky May and in thiH hrrlbnof the 
Milkv M^iiy w'r a|ijiiirriilly Imvr nor very la^Ht opportnnity to nttuly 
{iroftl«"iti%of «if ^4i|a^rilkiitiiiinilof ft'ir iiitrradionorintrrHtellaf 

iiinl iiir4 Willi rriT'iilly dairn Hr vend frattifrii arc* noted specnile** 

iilly by |lr. fbdilrit. Inil ||ir oiir liiiil i?i prolathly tneent Kigiulirant from 
iiii imiiiilraiiin plant- nf vimv in thr prewiirr tif tinnieroiiii Bmall, 
narndr'dn dark %mm pr«jrt*frd aurdimt atal {ireMinriiibly at 

tlir |irTip!ii r% fd litr-' iiriitilae r.%eited by groitpH 

of with « plnififiif ^wjijily of iillrirviolel niiliiition. Thin iduaiome^ 
iioin wbirli !%■ tmmi ^triknrr tor I hr Vmltm ^iretioia hii.H nlHO I'lren noted 
for ill lrn%i fw»i oll-irr rtof\%ioii lirhtdiir. MeHnirr S himI the lad-inlae 
KBr ^*1111 ii%%oiniilrd thr rhoitrr (iif iwmiehition) MCJt^ 

I It t\ imlf'i^d iiorpri^iiai thnf l!ir .%niidk rhirk ydnlndenhhotdd tmenr 
III ilif of {| tl rr|noi»% mid timt they an* ind nvtni preijnded iigaiimt 
rrllriiii»ii, nrlaiiiir* %iie!i m tin*’ IdriinlrH nrbytin Home of the larger 
roiin-ilr%ii, ilnrk tirlinlnr nrr fiainri n%%oe5att*d with iJie large dark tdoitd 
r»inip!r%r% in Tmirti% Aiirigis mid ttphimdnrs bnt the Hinuller one.H Neeni 
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to favor the outer i.f rn»mio» urt.olH- <4 

eKdtatioii. ItdiK-H not nmo hirl> tluU «1.«' r.4 ..t..>rrvr4 

prefereuee can ir thnf the AUiatl *t»rl. rr.|uirr « hi. 

InifkKrouiul in order to Ir vi«l.!r «! »!!, for il.r rnlr.-f,..., iHl.oh.r 
crnksion uehutae «»f low rwInSioH would -ert,, i., !*«•.« ii% $,••..«! « 

hHekgrouiid an tlie enuwiou ueS.tdur «*f }ii«ti 

We shouhl warn xtudentu of ronioiml gw® % »!>«! il.r i „rmi, 

wetion of tlie Milky Way rnni.o! 1#' «'oi»^»drrrd ,.r u pi. >,l 'thr 

(liKtriluitiou of the emittiitR iin® >» snorli loore irf»'ipil'*r sd.H.p Hi. Mitki. 
Way than is the dislrihution of t>' and li*tar» »«r «.f .'•.wuor iio%f. ?%.,n»r 
of the prohlrniH «if the irrefuiiir rrlidHT di'drihotioo «.f loi* rairilar gai. 
and dust are diseusml iu another note m the prewoi 4 olono i i.rr l h m 
and the eontruht !»elwwn the i iiritw nnd Snifdlario® «> «i»«h «»! 

in a paper in press for tin* fortheotiung iohnnr I m iitttmmm/ 
Tlie note hy myself and (’amplw-ll hIwmiI « .in»,sii».'«[»o»fi 

system of Hn-eiiiissiou h'litiirrs. is a Iw' pfsHltir! of an r%<rti4i%i siludii ««j 

southern emission nehulae, rnnde in nn attrinpi !i* trair i!ir «rf 

one or more seetions of spiral arms ««f the sonihrm Mdk% W «% I 
plete list of southern H« emission nrhninr logrihrr «»}!> «n «f 

their distrilmtion is now isdng prepnrrd f«ir rlww Iwr®- 1 « 

paper hy Hok, Wade, nnd Mielnrl i, tSr<4rr «*f !}»#• ilo^ilrn Matenn 'llir 
partieipants of the .Symiwisinm niv jirr«im«l4% si*«»t ml.iTstnl in thr 
variety of strnetures c4tservrtl, tn simir wtn»ns «»f thr Hdk^ tl.r 

structure of the emission netmlosily is highly inrhnlrnt, wtirfr-a® itIa 
tively smooth features may lie found «»iily in U$ 1.1 from thr 
section. We note in eonehision th»l on pwfjr 32» rn-jwiri .m « frkird 
study hy Wade and myself; tins study deni® wjtli ihr sartaJion 
the band of the Milky Way of the jirrerntfl|}<'» »»f 11 nod II *<,*»?% wdl* s»»»d 
without assoeinted emission n« l»ulmi!i,. 


HHHail'A'I iis 


* H, 4 . Htik mill E. E. Ild%, dp, J JB 1 . iiw*:* liaf ®#»4 m.w«* 40.111. 
MantiKraptw Nti, f OtiWt. J». A4. 

* It, Mliikownkl, t*. A, H. E. fcl, 
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Observational Features in Carina of Interest 
FOR Dynamical Theories of Interstellar Clouds 
AND Stellar Evolution 

by 

Dorrit HofHeit 

Harvard Observatory, Cambridge, Mass. 

That our galaxy, the Milky Way system, is spiral-shaped somewhat 
like the Andromeda Nebula has long been accepted as fact. The sun’s 
location within the system has, however, heretofore made an analysis 
of the detailed structure of our system difhcult. But within recent years 
investigations particularly by W. W. Morgan and by W. Baade have 
yielded significant progress in defining sections of two spiral arms ac¬ 
cessible to study with northern instruments; and definitely confirmed 
which types of celestial objects are specifically associated with spiral 
structure and are not found either between spiral arms or at great 
distances from the galactic plane. Most definitive of such constituents of 
spiral arms are the diffuse emission nebulosities and high-luminosity 
early-type stars (those with spectral classes O and B). Probably the 
richest region in the whole sky for emission nebulosity and B-type stars 
is the region of the rj Carinae nebula in the southern hemisphere. The 
Carinae nebula itself, constituting a “knot” in a spiral arm, is some 2° 
in diameter in which over a hundred B-type stars are known to be 
embedded and more are likely to be discovered as our instruments reach 
stars of fainter apparent magnitude, and larger-scale instruments permit 
presently overlapping spectra to be clearly separated; 

A preliminary survey has recently been completed of the bright nebu¬ 
lae in a 75 square degree area, 5° wide by 15° along the galactic circle 
from Vela to Centaurus, centered on Carinae’. Both red and blue sensi¬ 
tive plates were used, taken with the 32-36-inch Baker-Schmidt type 
telescope at the Boyden Station of Harvard Observatory. The photo¬ 
graphs show stars to about the 19th magnitude (photographic) and a 
diversity of nebular detail not previously recognized in the region. 
Within the 75 square degree area of the survey, 70 separate nebulosities 
or distinctive satellites of larger formations have been catalogued. Of 
these 30 are diffuse and irregular while some 40 are small, round, and 
fairly regular in shape. The distributions of the early-type stars with 
respect to the various nebulosities have been investigated. From the 
B-type stars apparently involved in them, the distances of the nebulosi- 
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1%» K frt^iii AIIII l%itr« f»f llw* i'mmrn irnkm ilir tl.n,4rsi Si,n 

ikm tif Iliimml Ubrnninnirm, Sm^i Mm s III 

fit right* Frititu I iiwcl 2 rfiliiffwl a - * fill ffmn I «■ i** fi - , iIih i?i » 

lic‘gailve pfiist in nttirt* ti» mliiriit ti^'^llrr llir fklnl iir|iiili»tlli . 

Plr-itirc* I* On«* nf ihr iititl ri*tii|4r% s«r'|^af.siir4 

from the* liirgr if (‘nriiifir nrlnilii iiriirly I't** ti»* . \t Intai im tiimll ilnf I, nrirt.il»r 
or ginbukm itri) ott riirli IIm' l^rgr hfiglii iwtmhm "I'lir ittijik 9m.m% 

bright iTmilrriiwIkii'P nn^ «r|i«fiilrfl ht « ,1 m alfstui i«i "I fir 

Iritm fi» h^ fiml r niitrk thm^ «iiiill irlHikr. !*yrbiii« tj m fr»| aiiA ilir Mf4ff *4 ii ? 
|mrwT in dii 4 mt%*r. Nrbuln k k«|4wl '^biiird ftii4 tinMig ll* ibiiwiiw^n 

k nbraii iirir Nrbiitii e k tiit^fr rMiii|wl m%4 lw% a k^glwf 

ihiwi dtln*r #i nr b, but km tliiin ii light yr^t in fi|i|«irrnl r%irtii 4i 4 « i\i4r»t 
glnhuh* (with iKtnr k miiihrii It k *^1% Imlf m Ught %rikf 

Iheiun^ SI. A NVbulii**, ir Wr®t «f n Vminm. Tl?r tl«»lrf ii ir^ ilir 

finm«*whiit i4t*|mrtttre! bft »»giiirril ttf llir bri^lil niirkiift % fr« |#ff#«iitt-rfif gh%h%$k^ 
an* gmi Miiprqnwd cm lh«^ iirpiimlfti liwtjf blight ai tiitlii It sfi«^ 

hjwrr li‘ft cnrtifr fi ml iirlinlii* tlbifiirlrr nkml It piirwri* mtfmmmU Mlw mh'mwit, 

K2 supe^lmnl* MM tmiHk, 

Picfiure lb Planetiiry% climmittcr III'’ «r iitiilrf tnw U$h% ymw. 

Picfturtt 4 . Planttiiry, diamrtrr ilf «f IIJ ililil ymr , 

Fk’tun! il, Ninitml cmlnr, cllaii»ti» r TCP »r i tig lit fwmm. 

PiatiTO 0. Mni, rcicit diamtitr ilP fir ntiwit LS Itglil yrm. 

PieiiiK? 7* evnirr^ii m IIM ilfir, ^trf»n|f in Ifri, I m 11 

Pkiiiirii E. CVntmHl cm IklMimg. Mb itlainrlrr i«if" m % % bghi 

t>ielim*aband 10. Um% imrfrH r^mnplf' nf «m ml mmt i 

ividy, Dkmieli^r ir cir bB pawf*. 
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ties have been estimated. Tor the most part, the nebulosities probably 
are 1300 to 1500 parsec distant. The thickness of the spiral arm in this 
region is the order of 400 to 500 parsec. Dimensions of the various types 
ot nebulae have been estimated on the basis of a common distance of 
1500 parsec. The presently available accuracies in both the estimated 
individual distances and in the apparent diameters of diffuse objects do 
no ye warrant the use of other than a common order-of-magnitude 
distance lor linear size-determination. 

Numerous of the observational features noted during the survey 
should have a bearing on any dynamical theories relating to the structure 
ot interstellar clouds and to stellar evolution. These features fall roughly 
into seven categories: ” ^ 

(1) Irregular disuse areas of Ha-emission, some completely amorphous 
others showing characteristic structural details. Diameters from 
under a parsec to more than 50 parsec. 

(2) ShoH arcs of bright nebulosity, some isolated, others constituting 

e ai s 0 - arger formations, many of which have the same radius of 
curvature (about one parsec) and show a tendency toward a preferred 
orientation in space. 

(8) Small, fairly regular, round or spiral-shaped nebulae with diameters 
Irom 0.5 to 3 parsec, most of them showing a central star. 

(4) Glohules—small round dark nebulae with diameters usually under 
0.3 parsec and probably averaging 0.1 parsec. 

(5) “/,fM«-”~sman roundish dark nebulae, larger than globules and 
usua ly with less sharply defined boundaries, seen superposed on rich 

star-Jiclds or bright nebulosities. Diameters tlie order of a few 
pars(x\ 

(0) The conamlraHon <f ecniy E-iype sta.rs with respect to emission or 
hlanien ary al,sorption nebulae. Tliere are some 50 jier siiuare <legrc«e 
m the densest parts of tiie i/Carinae mdn.la in contrast to 10 iior 
square degree for tlu* area as a wlmlc. In some Sagittarius regions 
bi ielly examined, an area of much lilamentary dark nebulosity .sliows 
() D-s^lars jier sipuire degree wliile nearby regions with no lilamen tary 
nebulosity average* less tliau one H-star per sipiare ilegree. 

(7) Indicated correlations bctmrn intrinsic luminosilii and color c,rccss for 
D-type stars. The intrinsically most luminous H-stars in Carina 

appear strongly reddened in comparison with those of lower lumin- 
osi ty • 
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The diversity af apprimuict* of the jo hiiljir hirmitlmn*. i*. I tir 

(’omparatively large ti (’Hriiiae iirlmla show>* oin om'.« valrorr f.sr }url»n 
lence. Miieh of it appears to eojisist of uvnliippiug sliorl ttrn'* »»f oi l*n 
losity of nearly uniform radius of eur^ nturr nor piir%rrj VVhdr 

examples can he found of the orirntatjou of surii i»rr*> m jiliis(n*.f miy 
direetituj, it is renmrkalde flint fherr is a prrjnuidrr»iirr «»f i-rrt.i rn!* 
eoneave more or less townrtl flie norfh galartie poh , lo ihr »orr«ii nri ii 
investigatetl, ares of larger radii of eurvalure, up l*» i»l*ou! pwr^rr, nxr 
found. Some of these, on elosrr insjw'etion. nr«’ srru !<» 1** imrlnjn ^ i>f 
arcs with smaller radii. The eenlrid j«*rtioiw of tlir », t'anunr nrl»ij|n 
are too dense to reveal any sueh iletuiled slrurturf. ’{'hr m Imlrt i» trt- 
furcated in appearanee hy Innrs or wedges of dark nlisorpliuo juali riul. 
In the near outlying regions of this nrhula, ‘'front*, ' «•! hnglil ni liuliir 
material, some eonsisting of envelojws of siowli «rrs nr* fom«!. Tiir 
whole area within 2®-a*' of the renter gives the impn-s^mn «>f « hirge 
diffuse mass in whieh both eetitrid forees atnl « tiiu dir*-* infUiil 
force might be operating. 

In the more distant outlying regions, other typrii «f fr»rtun!i«»n« «rr 
found, and ares when present show less Irndrury toward «nj paritruhir 
preferential orientation. In some eases the hiirs of lii*r« «»f ihr mops 
are directed toward ati open eiuster, in some oihrrs. in t!i«- grnrral 
direction of r/ Carinae. The opett rhister IC’ 'iAsl i* a slriiittg rsdinpfr 
of an open cluster and a dense sniiiH knot of nrbulmits pfifsTr m 
diameter at 8” west of r/Ciirinne) parliidly rnrirelrd at « di^tnnir of 
about 7 parsec hy an envelope of ares uhosr bisretors arr elrarh 4irr« ird 
toward the nudeus. 

In contrast to the turbulent IrMiking (“iirmnr nrlmla, It 'iwii, ? to 
the cast shows completely differtmt ehnraef rristie^. The fir I III |i I %■ %rr in % 
thinner (mcire nml rrvrisK vrry liitlr r%t 4 rurr * 4 ' %t 4 imiiir 

stnieture. I he eliirity with wliirh ihirk iiiimil imii ilm 

bright nebnlii HnggentH ihiil itn rrhUvdy mmy 

able for the accretion of thr dark iiiiilfrr intn m 

stars* 

In E private ctntnninuci'ition llr„ I en viin It^iik* 111,1* 

microphotometer IracingH of i|hibiilr% in ihr I liimii nrbnk, nmnmutl 
that he liuds globules with indirnlimi^ nf tthfii in Im* 

mns* lie also reports timt the rc'd 1% ^ifntiiiiri" llmii tlir 

indicating tliat the globtilci lire* tieliiiilly in llir iirimlii. 

The 40<icld small rmmcl briglif iirdmhir fmmtl m li^r | rtfinn y 
represent a variety in eolor* nod flir %j«”Tlrid ilir I'rnirnl 
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..n|,n.,r, !'i.u„ !.u4nHnit;VTr' 

r.iiirn./ Jn.,H n M . a ' • *»' urc lHr«:er, 

i.hh- », „ h,i,., nrf slfurijjt-r in mi 
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dynamics of interstellar clouds should take into consideration the 
following observed phenomena: 

(1) Turbulence 

(a) That turbulent swirls are strongly evident in the rj Carinae 
nebula but almost completely lacking in the nearby nebula, 
IC 2944. 

(b) The preponderance of arcs whose bisectors are oriented toward 
the general direction of the north galactic pole, toward the cen¬ 
tral r} Garinae nebula or toward an open cluster. 

(c) The uniformity in apparent radii of curvature of a great many 
of the arcs. 

(2) The high concentration of'B-type stars where the emission is most 
intense (50 per square degree in the northern sector of the y Carinae 
nebula in contrast to 10 per square degree for the area as a whole). 

(3) The range in color of the small round nebulae and the diversity in 
spectral class of their central stars. 

(4) The occurrence of globules and Locker and their probable structure. 

(5) The^ high color excess of the supergiants in comparison with the less 
luminous B-stars, suggesting shells of eosmic dust around the lumin¬ 
ous supergiants. 

(6) The progression of relative sizes of the various types of bright and 
dark objects that abound in this region: B-stars, globules (order of 
0.1 parsec in diameter), Locher (1 to 3 parsec), planetaries (less than 
0.3 parsec), small round bright nebulae (0.5 to 3 parsec), irregular 
diffuse nebulae (1 to 50 parsec), and the larger Ha-regions studied 
on small-scale plates by Bok, Bester and Wade. How are these 
various constituents of the spiral knot related to such physical para¬ 
meters as turbulence, mass, density and age; and can the majority of 
them be arranged in a logical evolutionary sequence ? 


iUiriiKjtCNCE 

^ Aimals Harvard College Obs. 119, No. 2 (1933). 


Fig. 2. Nebula NGC 6188; the dark area right of the luminous rim is covered with 
Ha-emission on longer exposures. Photographed with the 60" Rockefeller reflector 
at the Boyden station. Scale 1 mm = 14".3 (1.8 X original size). 

Fig. 3. Nebula IC 2944 and globules; smaUer single ones with diameters of 0.2 light 
year others up to about one light year. “Front” of arcs to west has weak emisskm 

°^her. Enlargement 7 x from a photograph taken 

mth the Arma^-Dunsink-Harvard 82-36-inch Baker-Schmidt telLope^t Harvard 

Observatory’s Boyden Station, Bloemfontein, South Africa. North at top Welt at 
right, scale of reproduction 1 mm = 9".7. 
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PHOTOGEAPIIIC STUDIES OP SOUTHEBN EMISSION NEBULAE 35 
A PEELIMINAEY CLASSIFICATION SYSTEM FOE Ha-EMISSION NEBULAE 

by 

Bart J. Bok and Campbell M. Wade 
Harvard Observatory, Cambridge, Mass. 

The classification system described in the present note has been 
developed in the course of the past year to provide a concise qualitative 
description of the Ha-emission nebulae located on photographs made 
■with the Zeiss camera (PZ) at the Boyden Station i. The classiBcation 
is by shape, structural features and surface brightness. The apparent and 
linear size of the nebula and the spectral type and absolute luminosity 
of the exciting star do not enter into the classification. 

Type I: M 8, the Lagoon Nebula in Sagittarius, is representative of 
Type I; the nearby Trilid Nebula, M 20, is another example of this type; 
so is the central part of the y Carinae Complex. Type I has the greatest 
observed surface brightness. If we assume total absorption at the outer 
edge of the nebula of all ultraviolet radiation beyond the Lyman limit, 
then the “Kmission Measure” as defined by Stromgren ® (the emission 
measure equals the product of the number of H atoms per cm® 
squared, times the length of the emission path in parsec) amounts to 
15,000 or more. Diameters arc of the order of 10 to 50 parsec. The 
presence of associated globules and irregular dark material is character¬ 
istic of Type I. Nji appears to be of the order of 20 to 200 H atoms 
per cm^. 

Type II: This type is faint to moderately bright, irregularly distri- 
l)ut(;d, and frcciucntly shows a marked filamentary structure. Type II 
is generally faint, witli Emission Measures of the order of 500 to a few 
thousand, - 15 or less, diameters 10 to 50 parsec. Example: NGC 
0604. The most striking example of filamentary type 11 nebulosity in the 
sou thern hcniispherc shows strongest evidence of turbulence at the posi¬ 
tion of the Vela extended radio source •■*. The smallest filaments shown 
on tlic coar.se PZ plates measure 8 parsec in length by 0.1 parsec in 
thickness. The Emission Measure is of the order of 2000, Njj ~ 5 to 10, 
and the diameter of the entire complex is of the order of 50 parsec. 
Another striking example occurs near IC 4628. 

'I'ypc III: The idea,! type of spherical Ha nebula, with the exciting 
star near the geometrical center; Type HI is the closest observed ap- 
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proach to one of Stromgren’s H II spheres. The nebula surrounding 
NGC 6383 is representative of Type III. The Emission Measure is of the 
order of 5000, 10, and the diameters vary between 10 and 40 

parsec. 

Type IV: A ring structure—or an incomplete ring—is characteristic 
for Type IV. This variety of nebula seems very much like the partial 
rings shown by the emission nebulae found on the Mount Wilson and 
Palomar Ha-photographs of the spiral arms in the Andromeda Nebula. 
Examples: NGC 2327 (near Sirius) and NGC 3581 (near the rj Carinae 
Nebula). The Emission Measure is of the order of 1000 to 10000, 
Ns 10 (or higher in the denser portions) and the radii of the rings 
are of the order of 5 to 25 parsec. 


REFERENCES 
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DISCUSSION 

Minkowski: (1) The suggestion that the radio source in Puppis is 
connected with the filamentary nebulosity shown by Bok is not correct. 
Its position coincides exactly with an inconspicuous nebulosity that 
resembles the Cassiopeia source. 

(2) Why are not the disk-type objects called planetary nebulae by 
Dr. Bok ? With his powerful instrument he should find many planetaries. 

Bok: Dr. Hoffleit suggests in her paper that the sizes and spectra of 
stars caution against calling all of them planetaries. The average linear 
diameters for these objects are three times as great as those of normal 
planetaries. Also, some of the apparent central stars are too red to be 
considered likely nuclei of planetary nebulae. 

Lapokte : Could you tell us something about the star rj Carinae ? 

Bok: This would lead us too far afield, for rj Carinae is a very peculiar 
star. It is not certain that the nebula is excited by rj Carinae itself, for 
there are very many O and B supergiants in this part of the sky. 
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CHAPTER 7 


CHARACTERISTICS OF SOME DIFFUSE NEBULAE IN 
THE MAGELLANIC CLOUDS 


BY 

A. D. THACKERAY 

Haddiffe Ohsewatory, Pretoria 
(Communicated by letter of 21 May 1953) 

The Large Magellanic Cloud is noted for its richness in diffuse nebulae 
most of which are highly irregular in outline. Like their counterparts in 
our own galaxy, they are usually involved in clusters of early-type stars 
which must be largely responsible for exciting the interstellL gases. 
Whde a certain amount of irregularity may be expected from the distri¬ 
bution of nearby hot stars there are many instances where a simple 
picture of overlapping H II regions will not suffice, and it is necessary 
to invoke varying densities of the interstellar gases. 

Ihc brightest nebula of all, that surrounding 30 Doradus, is charac¬ 
terised by an extremely complex pattern of loops. The purpose of this 
note IS to draw attention to the fact that several nebulae appear in the 
clouds m which the nebulae, or even the involved stars, follow a relatively 
simple looped pattern-that of a letter A. There are at least three cases 
where the observations strongly indicate a real distribution of gas in this 

form, and not a spurious effect induced by patchy absorption or radi¬ 
ation. ^ 


(1) Nebula near S Doradus. This is the finest example of a pure S, out¬ 
lined almost entirely by nebulosity. At the centre there is a cluster of 
moderately bright blue stars, but the brightest stars in the neighbour- 
lood are b Doradus within the preceding loop and a very compact 
cluster 2 of arc north; these and other bright blue stars show no sign of 
nebulosity m their immediate neighbourhood. The rich field of stars, 
cxxse to the main axis of the eloud, cafries no suggestion of patchy 
absorption. It would be difficult to account for this nebula 4hout 
as.sunung that it represents a region of unusually high density of inter¬ 
stellar gas illuminated by the nearby hot stars. The nebula is about 8' 
of arc across, corresponding to about 100 parsec. 
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(2) NGC 346. This is the only nebula in this series in the Small Cloud. 

A dense elongated cluster of stars marks the axis of a reversed S whose 
ends are chiefly deflned by nebulosity. One of the brightest regions of 
nebulosity consists of a curved wisp at the north preceding end of the axis. 

(8) NGC 2074. This nebula is very similar to NGC 346 in that a reversed 
S is defined along its axis by bright stars and by nebulosity, and at its 
two ends chieflly by nebulosity. 

(4) NGC 1763 . Aregion extremely rich in nebulosity of which the bright¬ 
est, NGC 1763, suggests the form of a direct S except that the northern 
bay is largely filled in by luminous gas. As in the three preceding cases 
there is a cluster of bright stars at the centre, which shows signs of 
elongation along the axis of the S. Note the loose cluster south of NGC 
1768 apparently quite free from involved nebulosity. North following 
NGC 1763 are two “stars” TIDE 268721 and 268726 classified by Har¬ 
vard as B-type. Both appear nebulous on Radcliffe photographs, 268726 
having a nebulous halo about 14" of arc across and a predominantly 
nebular spectrum. 

(5) NGC 2078, 2083, 2084. A direct S which is apparently deflned mostly 
by nebulosity but also by moderately faint involved stars. In this 
instance it should be noted that the bay of the S might be produced by 
a tongue of dark absorbing matter. 

(6) HDE 269780 (not in NGC). A cluster of bright stars embedded in 
fain t, nebulosity, brightest at its south following end where a circular 
loop is suggested. In this instance the S form seems to be outlined by the 
bright stars as well as by the nebulosity. 

(7) NGC 1872 etc. A region of very faint nebulosity with involved stars. 
The brightest stars appear to take the form of a direct S, the northern 
bay being larger. The impression is very much stronger on small-scale 
photographs, and it is probable that the effect would be enhanced on 
this large-scale with a longer exposure. 

These photographs pose the problem:—are the spatial shapes of these 
nebulosities really in the form of S, being concentrated mainly in one 
plane, or do they represent projections of a more complicated 8-di¬ 
mensional pattern, e.g. a helix? A single turn of a helix viewed from 
various angles could appear as 

S O X 

and with all possible orientations the last two should be the commonest 
types. These latter types have not been observed. Although the sample 
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CHAPTER 8 


A SURVEY OF PROBLEMS AND SUGGESTED SOLUTIONS 

BY 

H. C. VAN DE HULST 
Leiden Observatory, Leiden 

The following survey of problems and suggested solutions was pre¬ 
pared as one of the preliminary communications of the Symposium. The 
observational data reviewed in the preceding chapters present an over¬ 
whelming multitude of details. From these have been singled out a 
number of well-defined problems that can give rise to theoretical con¬ 
siderations. The problems (1-6) and suggested solutions (A-F) are put 
somewhat in their historical context. Critical arguments to show which 
problem is most important and which solutions correct have not, in 
general, been included. The text is mostly unchanged, except for refer¬ 
ences to the discussions, that have been added afterwards. 

(la) THERE IS INTERSTELLAR GAS. WHY? 

(lb) THERE ARE YOUNG, HOT STARS. WHY? 

The problem of stellar evolution, of which (lb)isapart,isnofincluded 
in the subject matter of the symposium. But it is important in connection 
with (la) and also with C, below. It is certain that hot stars are born 
from interstellar matter. Question (la) can then be framed: why is not 
all gas condensed into stars? 

Tentative answer: there is a balance, gas being used up by conden¬ 
sation into stars and by accretion, and gas being replenished by various 
processes from stars. 

This raises a number of difficult questions discussed in more detail by 
Biermann in Ch. 39. 

(2) WHAT IS THE ROLE OE DARK MATTER ? 

It is mainly a nuisance for galactic research and its direct dynamical 
effects are almost nil, although earlier researches have made an important 
point of the radiation pressure on the grains. Yet possibly important as 
a, coolino' avent for the vas and as an absorber of Lyman alpha quanta 
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and thus indirectly for dynamics. Further it is important as a tracer of 

(a) structural details of gas clouds, for dust and gas go mostly together 

(the various arguments pro and contra this assertion are discussed in 
Chs. 40 and 41); 

(b) magnetic helds, if a magnetic theory of interstellar polarization 
holds, or 


(e) xeMve motions of dust and gas, it „ wind theory of interstellar 

polarization liolds (Gold). 


(3a) WHY DO INTERSTELLAK, CLOUDS EXIST ? 
(3b) WHY DO INTERSTEI,LAR CLOUDS MOVIS ? 


The interstellar gas has local regions of high density (clouds) in a wide 
variety of sizes, often with well-defined boundaries. The motions of 
some are fixirly well known. Why are not the clouds and their motions 
gradually washed out by encounters and viscosity? This was a central 
subject at the Paris symposium and it is again at the present symposium 

Suggested answers to either or both questions are: 

A. Gravitational instability. This theory is the oldest one (Jeans). The 
I aris discussions and estimates made by Chandrasekhar (who worked 
out a theory including turbulence i) show that gravitation is unlikely 
to be important, except for small and very dense clouds 

B. Turbulence and magnetic fields. That both are likely to go toc^ether 
was discussed at length in Paris. Starting from the clear picture of turbu¬ 
lence in an incompressible homogeneous medium the question was asked: 
can the turbulent pressure dilTerences give rise to “clouds” if effects of 
compressibility enter ? There was a long discussion that may be con¬ 
tinued now. (A further clarification was indeed reached but the emphasis 
has somewhat shifted. See Lighthill’s Ch. 22 and the general conclusions 
m Chs. 42 and 48). 

C. Radiation from 0-stars. Another clearly understood picture is that 
of ionized spheres (Stromgren spheres) around hot stars in a homogeneous 
gas. There are theoretical and observational grounds for assuming a . 
temperature fall from perhaps 10000“ in the ionized regions to perhaps 
100 in the neutral regions. At Paris Spitzer mentioned the tendency to 
equalize the pressures as a reason for cloud formation but it was neglected 
in the discussion. Subsequent thought by Spitzer, Oort and others has 
shown that it is likely to be of great importance. This idea combined 
with the event of the birth of an 0-star may also give violent cloud 
motions and by these motions further compression (these problems are 
reviewed by Oort in Ch ‘JfSi 
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D. Spontaneous condensation. Zanstra has suggested that the peculiar 
cooling mechanisms of gases illuminated by a hot star may in itself be 
sufficient to allow a dense phase and a tenuous phase of the gas to exist 
side by side. Any accidental cause might then lead to cloud foi’ination 
(Ch. 13). 

Any of these explanations have been suggested for objects varying 
widely in size. Of these we may mention 

a) The cometary condensations in the Aquila nebula 0.001 parsec 

b) Globules and detached patches of dark matter 0.5 „ 

c) The clouds shown in Adams’ interstellar lines 10 „ 

d) The clouds that are seen as condensations in spiral 

arms 100 „ 

e) The clouds from which spiral arms themselves origi¬ 
nate 500 „ 

It will be an important task to And criteria indicating which explan¬ 
ation may be correct for which type of object. 

(4) GASEOUS EMISSION NEBULAE NOT EXCITED BY HOT STABS 

Apparently such nebulae exist; what is their source of excitation? 

( 6 ) VERY SHARP DETAILS IN GASEOUS EMISSION NEBULAE 

These are often observed, like filaments and luminous edges. How are 
they formed ? 

E. Shade teaws. A number of years ago Oort and Burgers explored the 
properties of shock waves in the interstellar gas. Thereby questions 4 
and 5 were linked, for a shock wave causes both heating and compression. 
This idea, which has been discussed at Paris, should again bo examined 
critically and compared with laboratory experiments. This type of ex¬ 
planation or related types of aerodynamical motion may be considered 
for 

a. Filamentary expanding nebulae (Cygnus loop, nova shells) 

b. Filamentary nebulae with violent internal motion (Cass, radio source. 
Vela nebula?) 

c. Luminous rims in a mixed dark and bright diffuse nebula. 

F. Ionized edges. A simpler alternative explanation for luminous rims 
(c), in which only question 5 has to be answered, is that they are the 
ionized edges of dense neutral regions. Along this line also an explana¬ 
tion for the ‘dronlets’ 'i.nd ‘elenhant trunks’ mav be suvfrested. (The 
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papers and discussions in Chs. 16 to 19 give a variety of useful suvges- 

Sr:," o^f 

(6) CIRRUS-STRUCTURE IN REELECTION NEBULAE 

This type Of very fine structure shown most beautifully in the 
Pleiades has found no adequate explanation. The suggestion of a slidinv 

collision of two clouds has been made but it should be further explored 
(this was not yet done). Ajr>wicu 
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PART II 

PHYSICAL CONDITIONS OF INTERSTELLAR GAS 

CHAPTER 9 

THE ELECTRICAL CONDUCTIVITY OF THE 
INTERSTELLAR GAS 

BY 

A. SCHLUTBR 
GSttingen 

According to the program, I should speak on the influence of radiation, 
ionization, and electrical conductivity on gas dynamics and flow prob¬ 
lems. Now, the next paper to be read will deal with the influence of 
radiation, as far as it determines the temperature of the interstellar 
gas; and Professor Oort and I will deal with some dynamical effects 
of radiation on Thursday morning. Therefore, I will coiicentrate on the 
question of electrical conductivity of the interstellar gas. 

This would be an easy question, if there were no interstellar magnetic 
field. Everywhere in the interstellar gas, even in the regions of low 
ionization (H I-regions), the conductivity is determined by the encounters 
between oppositely charged particles, because of the long range of the 
Coulomb forces. Then the conductivity is nearly independent of the 
density and of the degree of ionization, and is a function of temperature 
only. Its minimum value in the cool H I-regions is of the order 10^® sec"’- 
(= e.s.u.). That is quite a high value, if one regards the large cross 
sections that are available to currents flowing in the interstellar space. 
The time scale for induction effects—e.g. for the spontaneous decay of 
a magnetic field of linear dimensions L—is given to order of magnitude 
by: 

t — L^ajc^ ^ 10®® sec, 

with 

X 1 parsec = lO^®'® cm, a = sec-\ c lO’-" ® cm/sec. 

We can therefore regard the conductivity as infinite everywhere in the 
interstellar gas, provided its value is not reduced by a magnetic field. 

Tbpre «re reasons, which T am not coinff to discuss now, to expect 
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interstellar magnetic fields of the order 10-7...lO-^ gauss , 
magnetic field the charged particles follow in the mean rather TselJ 
the magnetic field lines, the Larmor frequency being very small compared 
0 the collision frequency. Intuitively, one would conclude tLtTher^s 
the conductivity perpendicular to 

I will show that this conclusion is not adequate for most of the 
interesting problems. Generally speaking, it is rather dangerous in 
magneto-hydrodynamies to start from the trajectories of single particles 
o deduce from them, more or less intuitively, the macrosconie 
behaviour of the plasma. Of course it is possible to do it correctlv t£it 

overall momentum balance 

^ chargedpa^ticT; 


m, 


dr 


e(E -)- 


( 1 ) 

K mass of an electron;-^ charge and velocity of it; c speed of hght- 
L H electric and magnetic fields). The corresponding macroscopic 
equation for the whole ensemble is the following ^ 

' dl‘ “ ~ (e 4- SS) — grad p. p). 

(ft, ». ma?s and number density; p. pressure; V, mean velocity). I will 
show by a simple example the ditterent points ot view involved in nsing 

i..Tm,ClTleeto”“‘'"l“ of freeelectrons 

m a crosssed electric and magnetic field. If 

we neglect encounters between the elec¬ 
trons, we know the solution of eq. (1): every 
electron moves with the same mean velocity 
c EIH perpendicular to both fields, while, ac¬ 
cording to eq. (2), a stationary state without 
any mean motion exists if the density of elec¬ 
trons is distributed according to 

gradp, m,£;, (8) 



Mg. 1. 

llie paths of two electrons 
in crossed electric and mag¬ 
netic fields. Electric field as 
shown; magnetic field per¬ 
pendicular to plane of draw- 
ing, pointing to reader. 


just as if there were no magnetic field. The 

solution of tills pariulox lias boon found by T. G. Cowling !■ At n m,-t 

an -‘If '' “ 8~r„=e tt obs'l^^^^ 

an Aotron m^thc upper part of its Iroohoidal path (in the orientation 
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hiifhcf lliiiii if tlir 1 *% iti^fnlsJitrti iimifiliiiil' 1*1 fill, ^111%' 

the ‘V'elority hi tlir tjjifirr jifiirt^ *»f 11 tis ifir* iiinin 

tiltJ'tkm* fUul nil llieiHrmyr tii it r ./i jf f lir % ,Ui4il% 

of et|* (11) in ih** iivt^rniir itr!*«'ii y * 1 ! n^vh %iii||lr rlrrrr*iii 

IH hIho riiiiirH ll■lw»llt liy th*" rrllrrfi»4i mi tlir ,%ii|r 'wull^ mi«i tmi i|.ir 

holliiiH will! «if thr iFiif tlir *tf fii '41 uliifr |iiirsi- 

dmn svv A. 

IVi iiiiw thr bitmr ruitiilimw h»r tlir iif llir 

W 0 write HU rquiitinn fur tlie imi% f ttiiirfi i%r Iw- 

eorreiipciiicliug tiiwp f 2 | iiiwl iithl t« n irriii «lr,?«:'’riliiii|| ilir 

frietkiii iietwrru rltTlrmiH iiud imi^, \\r iirulrr! tiir irilrnini irir^fiiiis nf 
the elfTlrmiH tlir iiilfi liii% %iii| 

nut inllnenre the rlertrk* nirrrnt in lii^t mr nrrrrr ni 

the folltiwing ^rt nf rcjiiiitintifi** 


Kttidp, I 




■ir. 




ni' 


Ki 


Ml 


(f imn'ilit'r {>f fffwtlvt* rttnamters Iwtwrrn rlriimn* itii«l jtrr fMirlirlp 
and iK*r M'C’)> 

The frietkm tmn r«frrr*i}Ktm!« t»» tlir ilrni »ii ilir 

kinetic thecjry c»f gases ^ Olivknisly Uir iniinl»m»rrfi«iM»»trr% «l«»r« imi 
depend ttiarkcHlly on tlie iniigni tir lU’ki stn’iiflh in « pliiAitw i*f 
cfinslituticHi and fcnijwmturr, 

To east etj, (4) into a more nsi*fid Idfiu wr mioxitne iHiipiumtig 
5Bj 1 % Wg « ti) tlie vekanty of nniHs moliuit 

i - mj 

and the deiwity of eli'etrie eiirrent 

i frril’,-- 1,1. 

Supposing for sirnplieity dl /dt dj d# *• 0 wr f»m%r »! !i,r r«niatio»»i 

.i ft- 

ir|i 

grad p !**» tjf K Ifi I- 

K' («»« grail /», »H, uriid pj:t 

(l> ■ * et i iv p * i», ■+• IV. t:' ft i ti X til 


ia| 





THE EHECTIIICAL CONDUCTIVITY 

Here a^e^Qlrriim, v sec-i represents the electrical conductivity (in electro¬ 
static units) as found without the presence of a magnetic field. If one 
neglects the term E' as a “pressure-correction” to the electric current 
the first of the eqs. (5) seems to indicate the intuitively expected reduc¬ 
tion of the effective conductivity by virtue of the term j xH. But this 
conclusion is contestable since all equations have to be solved simultan¬ 
eously and the pressure is therefore determined by the current and the 
magnetic field. This is made more clear by using a set of equations which 
is strictly equivalent to (5) 


j/a = £« + E" . 

gradp = (jxJ3)/c , 

E" = [m, grad p, — grad 

(Note: if — Vi then E' == — E"). 

This set is obviously simpler than the previous one, but of course all 
equations still have to be solved simultaneously. In most cases the only 
interesting component of the electric field is the one that is parallel 
to the current, since the other components are often produced by space 
charges only, and, in any case, they do no work on the current. Now 
in the simplest cases E" (as E' in (5)) will be perpendicular to jandthen 
it follows directly from (6) that the ratio of j to the component of £« 
(that is the electric field as measured by an observer moving with the 
mass velocity V) in its own direction is simply given by the unreduced 
value a of the electrical conductivity. 

We may discuss the conductivity also from the point of view of the 
energy balance. According to Maxwell’s theory the following equation 
holds quite generally for the changes of the energy content of an electro- ' 
magnetic field: 

i|(H2+j5;2)+£ div (Exfl)-1-F-(jxH) = _jE;«.j. ( 7 ) 

In the cases we are interested in, the first term essentially represents 
the change of the energy density of the magnetic field (with tP)-, 
the second term expresses the energy transport by the Poynting vector 
this is very nearly [since E — (F/c) x fl] the convective transport of 
magnetic energy by the matter; the third terra is the work done by the 
Lorentz force. The right side corresponds to real creation and annihila- 
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tion »f ttw m«giu-tk‘ Hiws «if forrr. If wv mm j!i«r»w!m-r .»iir f-«|. |fi| <fr pi) 
we arrive at 

j ■ • j^'tf ■ Kr*“i/»« ■: l»M,'■J.J j • I*., )H| 

This equation is etirrea-f even in tnai sfalntnary liisrs. In fhr rji%r »if 
ennsidemhk* aclmisliire «»f neiitni! janiieh s iH 1 rraiuns) i! Iteejane*, 
somewhat more eimqtlh'iilial hut nl! r«ui<Iu»»!Mjis rrnimiu essrnliHjly 
uimlterefl. 

The term j®/«r is (iissipative lual rlnirly refers lo I hr sjnmlrti»r*»n^ dreny 
of the limgnetie liehl hy Joule losses, while the ollirr terms Jrurrilw the 
crealiftn or ntmihilatitm (as the ruse tiiay !«•) of iuaj,»inii«‘ lhi\ hv ifir 
partial presHures, that is to wiy hy the ‘'uuprrsseii ihrUn tnl4 If 
there is tia maguetie Held, Home of it will Itr rrrritrii hy llirsr lrrm%. jf 
there is a miutU mngnetie lleltl, they may strengthen or wrnhrn ii; Im! if 
the magnet ie lleltl is ho utrima as to tleterniinr I lie dy i»jiji»n «! !« hnvmiir 
of the whole gas, grad and grad will N* ahnos! rrriaitdv jwindlrl 
to (jxllj and these tertns will nearly eiineel. 

It follows that in the iniiairtard tpjeslion of the hfriiinr of nu mirr 
stellar magnet ie lleltl w’ehnve ftttake the tmehangr*! v«!»ir of t hr rlrrlnral 
eondnetivity. 


* T, (J. Cowling, M.N. W, 14t» (IWgl); f3, 4nT flWta) 

* A. HehHlter, Ann, tl. I’hysik 10, 433 ftWA'i). 

® B. {’h«i»mnn and T. G. Ctmling.-The «t lltroi^ of «i»ur<*rm };<%»*' 

Cnnihrltlge (limtl). M. N. »fohn«tiji. Pity*. Het, Kl, 



CHAPTER 10 


DISCUSSION ON ELECTRICAL CONDUCTIVITY IN 
GAS DYNAMICS 


Chairman: Dr. E. C. BULLARD 


because of tlicpKacMc of the maBnetiofcM^™(7 

first calculations seemed to indie^t^th ^ 

reduction in the eonduotivitv fo * eonsideraWe 

neticf.eld..SchMtohl2^i"; perpendicul„ to the maj- 

sineeentineurrents tr^rettotren — 

fields, eventually restore the eoniW,w s « ^ 

boMs i„ the absTneo of tte ^ 

-hierr ^uTejM^™ tt”^^ by considering the two ways in 

fressiony>,ort,:r„,rhTatrd’^r^^^^^^^ ^ 

.be ,7o„le heat with :raSbTttrn:SfMff'^^ 

occurs by the eonversion of current mSwnl ■, *“ 

“raiTm ■ “tf *‘r '‘c® not increase «“numb“r°rfeom- 

uiirednecTeomli'iST' fa XralhiTotm “t 
wliat™d.,etivityisused,pro^ided«^^^^^^^^^ 

ncf.'!ceil 1 t electric force can in no wise be 

W ” oquations has the more adequate 

Bondd It appears to me that in Dr. Schliiter’s treatment the 
pressures are considered as mven. However iP th ml ^. 


e 11 
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up by transport of electrons and protons, must one not rather consider 
the pressures as being set up by the field itself ? 

Further I should like to ask about the definition of the cuiTent j. 

Cowling: In discussing cosmical magnetic fields, the whole normal 
approach to a problem must be inverted. In discussing a laboratory 
problem, one asks what electric force is available; the eurrent is given 
hy j = a E and the magnetie foree is then found from curl H = 47y. 
But in a cosmic field self-induction is strong and the eonductivity has 
little influence on the magnetic field. The equation curl H ~ inj de¬ 
termines what current is required to produce the given H, and the 
equation j —aE simply determines what electrie force and in conse¬ 
quence what motion across the lines of force, is required to produce the 
currents. 

ScHLUTEE: If an appreciable magnetic field exists, this field and the 
pressures cannot be considered as independent. The equations which I 
deduced have then to be solved as a set of simultaneous equations. 

Liepmann : There seems to be a difference with ordinary hydrodyn¬ 
amics and turbulence in so far as the electric forces are long range 
forces. This can influence the definition of mean values and the appli¬ 
cation of an ergodic property. 

Schlutee: The mean values should be determined over distances 
which are large eompared with the radius of curvature of the trajectories 
of the electrons. The range of the Coulomb forces is effectively limited by 
polarization of the plasma, analogous to the Debye-Hiickel ionic cloud 
in electrolytes. 

The friction term may be assumed to be linear in the relative 
velocity as long as this velocity is small compared with the thermal 
velocities. 

Bieemann : When speaking of the definitions of electrical conductivity, 
it is useful to look at the history of the subject. The tensorial form of 
the expression for the conductivity has been introduced for the first 
time in the theory of the ionosphere, where the use of a measure of the 
conductivity depending on the local magnetic field cannot be avoided. 
A treatment of this form has also been used in the work done in G5t- 
tingen in this field. Lucas and Schliiter (see Naturw. 40, 289, 1958; 
Archiv fur elektr. Uebertragung, 8, 27,1954). The next problem was the 
dissipation of magnetic energy by Joule losses in the solar corona and in 
interstellar space. Here the use of the form appropriate for the iono¬ 
sphere has resulted in serious misunderstandings. We considered it in 
relation with our work on the origin of magnetic fields in ionized gaseous 
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masses by impressed electromotive forces, and it was found that for 

Tbis has beea a main topic of Dr. Schluter's contribltforofcCseTtk 
true that every dcfuntion when properly applied gives the riSS“ 
but e^eriencc has shown that the amount of theoretical effort invS^d 
may rather dtherent, and when a new theoretical problem Tip 

Hoyle: There is a rather impressive coincidence between the energy 
densities of the turbulent motions, of the magnetic fields and of the 
cosmic rays. For that reason it is possible that the Prvorvn- ’ ^ , 

b^roduced by electromagnetic processes in interstellar space^. The pro^ 
lem IS whether a motion once started can lead to the^pearance of 
fields which acederate the motion, as occurs in a betatron. If theTswS 
IS yes, then Bondi’s suggestion that the betatron effect is a more powS 
source of dissipation than conductivity may be right. P^werlul 

ScHLUTEE,: The magnetic and kinetic energies are coupled by the 
equation of motion The energy density of the magnetic field now gives 
an upper limit to the energy density of the cosmic radiation, if i^Sr 

We have also investigated the betatron effect and found that it 

ZTtr? "'‘"To ^^dius of curva¬ 

ture of the lines of the electric current maintaining the magnetic field 

'■ Nat-iforTTg 

paSTTyT:*!;;i“ 

SciiLUTEu: Radiation by individual electrons is neglected, since a 

ofdTav ofTT electron gas has been used. The time 

of decay of the kinetic energy of single non-relativistic electrons due to 
radiation in a magnetic field is 2,6.108 sec (see: H. Alfvdn Cosmical 

1emi>le: What about the relativistic cori'ections? 

SciiLUTEU: They are not needed if the velocities are < c and the times 

“dTI? rr ‘T “ “Sht needs to evoas the ;aT! 

. T ^"°‘ded a fully ionized gas. What changes 

are needed m a partially ionized gas (e.g. a HI region) ? 
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ScHLUTER: The influence of the neutral particles on the conductivity 
in H I-regions is negligible. For the motion of the entire gas the neutral 
particles are important as their diffusion relative to the charged particles 
is small and for this question the Lorentz force may be thought of as 
acting on the whole gas. Of course this “ambipolar diffusion” represents 
an additional sink of energy. 

ScHATZMAN: Are plasma oscillations included in your formulae ? 

Schluter: They can be derived if the inertia terms are retained. 
That is easily done. Also Alfv^n’s waves may be found (see: A. Schluter, 
Ann. d. Physik 10, 418,1952). 



CHAPTER 11 


the energy balance of the interstellar medium 

BY 

M. P. SAVEDOFF 
Temporarily at Leiden* 

In the investigation of the gas dynamics of the interstellar medium 
mlormation is needed on the rate of change of the ener^v 
make possible discussion of processes in which the departure from 
W n'"" Equilibrium temperatiLs were ob 

ture fh^r^rof eollaborators by determining at what temper^ 

e tiic rate ol cJiange m tile energy content vanishes. Unfcrtimatelv 
tlie numerical data from whieli the temperatures were comnSS mre 
not pubhshed at that time, and it has proven difficult to"sbWte ^ 
rate ol heating or cooling of the interstellar medium without eloho t 
computation. It is hoped that the tables included in tins note will mTke 
possible rapid estimates of which processes are important and of th^ 

til 1 physical processes, constants, and notation are 

J/u““lnd toetadelT "'r?''’’?* of InUrstetl^r 

MMUi and include all modifications consistent with paper HI I wish 

to emphasttc that, although this note is prepared by M. Savedo£f™t 

ongunffi eomputaw worn the work of W, BuscombJ M. Sa^elft Id 

.1.1 . Schopp, under the guidance of L. Spitzer. ' 

eo.t!“„~:.“^^ 

KKLATIVE ABUNDANCES 


'‘■a 

H I region 1 

H II region 0 

II : hydrogen atoms 
p : protons 
e : electrons 


•n„ n„ 


n. 


0 

X 


ixio- 


5X10~« 
2X10-3 2x10-3 

i: other ions 
a-, other atoms 


1.5x10-3 

0 


n, 

10-13 0 2 ^ ** 

10-12 0 




grams 
m: molecules (Hg) 


I^oihester University. Rochester, N.Y., U S A 
=.v= 0.1 if n„ > io-i» and T < 5,000“; otherwise ra == 0. 
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1. ENEIUiY I’UOCBHSKS IN II H KBCHtN.S 

lu HII regions, the principal source of energy is supen-lastie enlhs.ons 
of electrons with protons, ions, and grams. Here a Iree eleetiuii cn 
counters a charged particle and is captured to a hound state emit ting a 
photon and subsequently emitting more photons until it is ,n t he gr.mud 
state. On absorbing another photon from the galactic mihatmu held, 
the free electron is returned, but with a kinetic energy approximately 
equal to the difference in energy of the photon absorlicd ami the photon 
emitted. Thus in the Tables. G,, is the product of t lie imam energy ga.m-d 
per electron capture and the rate of capture per electron. I he jihoton 
density is only important at much higher clcnsitteK. G„ ami G„ are 
comparable to but refer to encounters with ioiiH ami grains re¬ 
spectively. , I. • it 

Encounters of electrons with ccasmic rays are probably important 

only at demsities of less than 10"“ hydrogen atoms per cubic- centirnettT. 
Since protons far outnumber all other constituents, only the tcTiii 
need be included among the gains, the next contributor lieiiig (i,, m 

{njnji) G^j,. _ _ , ■ 

The 0 terms represent processes which increase tlie inciiii kiiirtir 
energy of the electrons. The.se terms are luilanei'd by proersM-s which 
convert the kinetic energy into radiation. For instance, the loss 
represents the energy loss per electron by free-free transitions. Some 
of this energy is observable as radio/retpieiiey radiation. In colhsams 
of electrons with atoms or ions having bound exeited states, these slates 
may be excited. Subsequently, the return to the grmiml shite may take 
place either through radiational or colltsioiial de-exeitafioii. is the 
energy thus radiated per electron per second. At higher densities eol 
lisional de-excitation becomes important. The cleetnm density at w hieli 
is reduced a factor 2 by dc-exeitation is also ineluded. Tidess 
otherwise stated, the Tables which fallow refer to the standard of 
paper III, with ~ 1. 

In Table II, the rate of change of tlie energy density is given for a 
region near an 0-star with a density of one proton per eiibie cent iiwirr 
and for different values of the cross section ion tleiisity produet. 

For other densities, the numliers of Talile U enn Iw- limit ipliwl by 
to give the rate of change of the energy density, provided that the 
effects of electron saturation are not iniportant at this density. fNote 
that it is most dangerous to interpolate for intermediatr tempenitnrr*» 
in Ljo there are several proeesses operative simnlliiiieoiislyj, 
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TABLE I 


H II Region 

Energy gain (or loss) in ergs/second/electron, assuming — 1 
(linear density, dependence below saturation) 


T 








^035 









Galaxy 



0-Star 



B-Star 



A-Star 



10 

+ 1.39 

X 

10“ 

-22 

+ 2.12 

X 

10“ 

-22 

+ 9.31 

X 

10- 

-23 

+4.40 

X 

10- 

-23 

10“ 

+3.50 

X 

10- 

-23 

+4.35 

X 

10- 

-23 

+ 2.34 

X 

10- 

-23 

+ 1,10 

X 

10- 

-23 

10“ 

+ 8.01 

X 

10“ 

-24 

+ 1.02 

X 

10- 

-23 

+ 5.28 

X 

10- 

-24 

+ 2.87 

X 

10- 

-24 

in' 

+1.23 

X 

10“ 

-24 

+ 1.65 

X 

10- 

-24 

+ 6.54 

X 

10- 

-24 

+4.3 

X 

10“ 

-26 

10' 

—3.37 

X 

10- 

-26 

*—2.68 

X 

10- 

-26 

—4.31 

X 

10- 

-25 

—5.32 

X 

10- 

-25 


continuation 

T 

Gei 

Gee 


^ei 

('^e)8at 

10 

<2 X 10-26 

10-20 

+4.40 X 10-“’ 

+ 2.8 X lO-'i 

10“ 

10“ 

<7 X 10-“' 


+1.42 X 10-“' 

+4.1 X 10-“' 

10“' 

10“ 

<1.6 X 10-“' 


+4.49 X 10-“' 

+ 0.2 X 10-“' 

10® 

10* 

<2 X 10-“’ 

>> 

+ 1.42 X 10-“' 

+ 8.1 X 10-“* 

10B-® 

10' 

< 10-“' 

?> 

+4.40 X 10-“' 

+ 6.0 X 10-““ 

106.8 


TABLE II 

HII Region 

Radiation rate in ergs/second/electron for region n^, = 1 near 0-star 
(linear density dependence below saturation) 


Effective 



T 




10 

10“ 

10® 

10* 

10' 

Standard 

1 

o 

X 

i 

—4..80X10-" ■ 

—9.8 Xl0-“* 

+6.5 Xl0-“* 

+6.1X10-“' 

6,900 

10“^ Standard 

—2X10-““ 

—4.85X10-“' • 

—1.01X10-“' 

—7.0 Xl0-“* 

+6.8X10-“* 

12,000 

10“"*^ Standard 

— 2X10-““ 

—4.85X10-“' ■ 

—1.02X10-“' 

—1.43X10-“* 

+1.3X10-“* 

24,000 


II. ENERGY PROCESSES IN H I REGIONS 

Electron capture and subsequent radiative ionization is the principal 
method of transfer of energy from the radiation field to the kinetic 
energy of the particles in H I regions. and represent the energy 
production per electron per second with H (to form H~) and the ions 
C II, Fc II, Mg II, A1II, S II, etc., respectively. Both nitrogen and 
oxygen arc neutral in these regions (because of their high ionization 
potential) and do not contribute to the energy production. G^^ and G^^ 
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are 10“^® and 8.2 X 10“®^ respectively at all temperatures and densities 
(gains from cosmic rays). 


TABLE III 
HI Region 


Energy gain (or loss) in ergs/second/electron, for region 1 

(linear density dependence below saturation) 


T 

^eE 

Gei 



i'^El'^6)^Em 

10® 

10® 

10® 

10‘ 

10® 

-1-1.24X10-®® 
-1-1.22X10-®® 
-1-1.08X10-®’ 
—2.36X10-®’ 
—6.5 XlO-®® 

+3.95X10-®' 

+9.05X10-®’ 

+1.80X10-®’ 

+2.00X10-®® 

—3.55X10-®“ 

+2.8X10-®® 

+7.7X10-®® 

+1.1X10-®® 

+6.7X10-®’ 

—6.0X10-®“ 

+1.5X10-®’ 

+5.8X10-®' 

+1.9X10-®' 

+6.0X10-®® 

+1.4X10-'’ 
+2.8X10-®' 
+ 2.4X10-®® 
Dissociation 
Dissociation 


T 

^ei 

(We)sat 

10^ 

+5.5X10-®® 

10® 

10® 

-1-1.1X10-®' 

10®-® 

10® 

+2.3X10-®' 

10®-® 

10' 

-1-1.9X10-®' 

106.6 

10' 

+ 1.5X10-®® 

10’ 




(continuation) 

^ea (^eJssit (^o)sat 


+6.8X10-®' 

105.7 

+1.2X10-®® 

105.3 

+2.1X10-®’ 

104.1 

-1-2.3X10-®' 

1()7 

+ 8.6X10-®' 

106.4 


+10-2®’ IQS.a 

+10-‘» lO®-’ 

+3.8XlO-2‘ lO®-® 

Dissociation 
Dissociation 


(ns/n,)Gso = 8.2X10-®’. 


Appreciable losses are produced through collisional excitation of 
bound states in ions, atoms, and molecules (H^) which are represented 
by L,i, and L^,^. For Hg, excitation of vibrational levels by 

electron collisions {L^n) has been separated from excitation of rotational 
levels by atomic hydrogen collisions {L^m)- 

Another source of energy loss is in the radiative cooling of the grains. 
The last discussion by van de Hulst indicates the reliability of the 
numerical data for this process. The numerical data in lable III for 
Ls„ are calculated with a particle of 0.1 radius, temperature of the grain 
{1\) of 20° K, and a density of lO-i® grains per H atom. 

The photo-emission of electrons by the grains could be an important 
source of energy. For dielectric grains this effect is negligible. for 
a moderately photo-emissive surface is given in Table Ilia for different 
densities. Extrapolated values are indicated as uncertain. 
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f'cB in crjfs/.scc'oiul/t'lectron for n moderately plioto-omissivc grain 


T 


{m\ 



10 ® 

U)« 

10“ 

it)‘ 

10® 

10® 

r, X 10® 

~(1 X 10 

8.1) X It)-®’ 

2.0 X 10 

1.5 X 10 

-7 K 10 

7 X 10^^’ 

*^4 X 10 -^ 

2,8 X 10 -3’ 

10-37 

1.7 X 10-37 
-4 X 10-37 

2.7 X 10-37 


F. 1). Kahn ® est imatcs that, in addition to energy from the radiation 
field, the .systeinalie motion of eloiids is an important source of energy, 
lie olttains = h.l X 10"®'' (independent of the density), i.e., 

with B X TO \ tlie \uihK!(H/f//l,)(r;„ kinetic O.'l’ X 10-2«,that 

may he eompared to the entries of Tables III', Ilia, and IV, 

Again ilie rate of change of tmergy density is givim in Table IV for an 
H I region with no metallic grains and in which cloud collisions are 
ignoreii. i'he equilibrium temperature is also given. Tlxese apply to the 
standard composition with non-photo-cmissivc grains. 

T.VUI.K IV 
111 Region 

Radiation rate in ergs/second/Vlc'etron for standard abundances 
(dielectric grains) 


n,i (ctiP) 



to * 

10 * 

10» 

l()i 

10* 

I0‘ 

H.OxlO 

.1,2X10 

.4.axl0'^^'3a 

- 4.0X10-®' 

- -4,.0X10-** 

10* 

-7.2 10 

i 2.0X10 

i 9.4X10 »« 

■1 8.8X10-®* 

-[.8.8X10-** 

l{)» 

».!} 10 

-! 2.1X10W 

1 2.1)X10 ** 

1-2.4X10 ®i 

■I-2.4X 10"*“ 

10* 

i a.« < 10 

1 ii.7^ It) M 

i 8.8X10 

■! 8,8X10"*® 

+3.8X10“** 

10^ 

I 7.5 - 10 “ 

f 7..ly It) 

•1 7..5X10”®® 

• 1-7..5X10-®® 

+7.6X10"** 

ft* 

^ vtin 


— 

47.8 

— 

42.0 




‘ AHtrttpljyslfiU .Imirnnl, 107, 0 {11I4H)! 109, 087 (11)40); 111. 508 (1950). 

® !•*. I). Kiilat, I’rtTiminary Communit-ntitm to ttie Symposium; sec also Ch. 12. 






CHAPTER 12 


THE HEATING AND COOLING OF INTERSTELLAR 
GAS CLOUDS 

BY 

F. D. KAHN 
Manchester 

1. CONDITIONS IN INTEBSTELLAB SPACE 

The gas in interstellar space consists largely of atomic hydrogen, 
with a smoothed-ont density of 1 atom per cm^, and is present in discrete 
clouds. The average temperature of the gas, as observed by the inten¬ 
sity of the 21-cm line of hydrogen, is about 100° K, corresponding 
to a sonic velocity of about 1 km/sec. The average radial peculiar ve¬ 
locity of the clouds is, however, 5 km/sec, so that the relative motions 
of the clouds appear to be highly supersonic. 

A line of sight 1 kiloparsec (= 3,08. 10^^ cm) in length cuts eight to 
twelve separate clouds on the average, say 10 for the purposes of thispaper, 
and the clouds occupy about 5 per cent of interstellar space. These values 
were all quoted by Oort in the Henry Norris Russell lecture of 1951 

To complete the data, the following composition is adopted for the more 
important elements in the gas. It is taken from a table compiled by Aller ^ 

TABLE I 

Abundance of the Elements 


Element 

Const. + logio^ 

Const. + logiog 

elea 

H 

13.27 

13.27 

1 

He 

12 41 

10.0 

0.54 

Ne 

10..04 

11.30 

0.01 

0 

10.0 

11.20 

0.01 

N 

9.49 

10.64 

0.004 

C 

9.28 

10.31 

0.001 

Mg 

9.05 

10.44 

0.001 

Ar 

9.0 

10.6 

0.002 

Si 

8.80 

10.08 

0.0006 

S 

8.52 

10.02 

0.0006 

Fe 

8.48 

10.23 

0.001 
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In this table: 

n = abundance, by number of atoms per 
Q = abundance, by mass, of element per cm^, 

= abundance, by mass, of hydrogen per cm^. 

There is some uncertainty about the values quoted for the inert gases. 

A highly idealised model can now be constructed for the interstellar 
gas. Let all clouds be spheres of equal radius and density. Then 


(4 Ttjd) Na^ = r (1) 

wcNaH =5, ( 2 ) 

where N = number of clouds per unit volume, a = radius of a cloud. 
Relation (1) states that a fraction r of space is occupied by clouds, and 
relation (2) that a line of sight of length I cuts s separate clouds on the 
average. With the present data 

r := 0.05, s = 10, when I = 1 kpc == 3 X lO^i cm. 

By (1) and (2), 

a — 8 fZ/4 5 , iV == 16 s^/dTtr^ 

so that a == 1.1 X 10^® cm = 8.75 ps; iV == 9 X 10~®® cm-^, 

corresponding to a density of one cloud in every 4,100 ps®. The average 
density of matter in a cloud is 20 H atoms/cm® or 3.8 x lO-^s gm/cm®, 
so that a cloud has a mass 1.8 X 10®^ gm, equal to ninety times the 
mass of the Sun. 

The cross-section for a collision between two clouds is 4 7 t a®, but in 
general not all parts of both clouds are involved. A given element of 
volume will take part in a collision only when it passes within a distance 
a of the centre of another cloud and the cross-section for such a collision 
is oz a\ or one quarter as large. 

We assume that the velocity components of the clouds have a 
Maxwellian distribution. Thus p(t;)dt^ is the probability that the velocity 
component in a given direction should lie between d and v -b dw, wbere 
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The average peculiar radial component is 

00 IQ 

2 J p{v) dv — = 5 km/sec, 

with the present data. Thus — 9 km/sec. The number of collisions 
between clouds, per unit volume and unit time, in which the relative 
velocity of the cloud centres lies between V and F -f- dF is 

(F) dF = 4 jr dF. 

^ ^ Uo® V2^ 

This formula is adapted to the present case from an equation given by 
Jeans The total number of collisions per unit volume and unit time 
is 4 cnc Vq V^/^- Since two clouds are involved in each collision the 
frequency of collisions per cloud is Stt N Vq With our adopted 

values this becomes 1.9 X 10^^^ collisions per cloud per second, that is 
a collision once in every 5.2 X 10^® sec or once in 1.7 X 10® years. A 
particular part of a cloud suffers collisions at one quarter this rate, that 
is once in 2.1 X 10^^ sec, or once in 6.8 X 10® years. 

It is of interest to find F, F^, the mean values of the relative velocity 
and of its square. We find 

V= ^Vq = ^'^•5 km/sec — 1.75 X 10® cm/sec 

and 

F^ = 4 ™ 324 (km/sec)^ — 3.24 X 10^^ (cm/sec)^. 

A detailed investigation into the dynamics of a collision would be 
very difficult. But perhaps some suggestions may be made about its 
probable results. 

A collision will be completely inelastic, and will generate considerable 
heat in the clouds that take part in it. After a collision one, two or three 
separate clouds may be formed. The following are three typical cases. 

(i) Two clouds of equal mass and size collide; before the impact the 
relative velocity F lies along the line of centres. Then the two clouds 
merge into one. Each cloud Joses kinetic energy corresponding to a 
speed |F and there is a gain of thermal energy of 1/8 per unit mass. 

(ii) Two clouds of equal mass and size collide; before collision the 
relative velocity does not lie along the line of centres. Then three new 
clouds are formed. Two of these are the parts of each cloud which did 
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not overlap the other cloud, and they travel on as if nothing had 
happened. The third cloud consists of the overlapping parts and it is 
heated, as in (i). 

(iii) Several possibilities exist when clouds of unequal size collide. 
Thus a small cloud may be swallowed up by a large one, but if the small 
cloud has a much higher density it may burrow its way through the 
large cloud and gain mass. 

In these ways clouds can merge, split up and gain or lose mass. The 
continued occurrence of inelastic collisions does not necessarily lead to 
the formation of a large single cloud. 

The average gain of thermal energy during collisions is easily estim¬ 
ated. With the present data it is 1/8 = 4 X ergper gm per 

collision, i.e. once in 2.1 x 10^* sec and corresponds to a temperature 
increase of 3,100° K. The average rate of heating by collisions is 
8.1 X 10~®’ erg per H atom per sec, or 6.2 X lO"®* erg per cm® per sec 
in a cloud which contains 20 H atoms per cm®. 

The clouds can regain kinetic energy by falling towards the galactic 
centre. Thus in falling from infinity to a distance R from the centre a 
cloud has lost potential energy GM/R per unit mass, where M is the 
mass of the galaxy, supposed largely concentrated at the centre. A cloud 
moving in a circular orbit of radius R has a speed U given by 17® = GMjR 
and has therefore a kinetic energy ^ GM/R per unit mass. In 

falling from infinity such a cloud must have dissipated an amount ^ C7® 
of energy per unit mass. Oort estimates that in the neighbourhood of the 
Sun U ~ 260 km/sec — 2.6 X 10'' cm/sec, and so the energy dissipated 
is 3.4 X lO"-* erg per gm, or sulRcient for 850 collisions. With one col¬ 
lision in 6.8 X 10® years, this is enough for 6 x 10® years.* 

2. THE HEATING AND COOLING OF THE CLOUDS 

The rate at which the collisions heat the clouds is far greater than 
that due to any other plausible mechanism. It is usually assumed that 
the H I regions of space are heated mainly by the photo-ionization of 
atoms \ It can be shown that carbon will be the most important ionized 
element, that it will be present almost entirely in the form of CH- ions ® 
and thus the rate of ionization of C atoms is determined by the rate of 
recombination of the ions with electrons. If the ionizing radiation comes 
from a star at a temperature T* {usually taken to be 10,000° K) and the 

* Many ideas in this section arose out of a very interesting discussion with Dr. 
V. Yand. , 
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gas in the cloud is much cooler than this, then the average energy ab¬ 
sorbed in one ionization is /cT* on the average. 

We estimate the number of ionizations and recombinations per unit 
volume and unit time. The density of electrons is approximately 
equal to the density of ions, since carbon is the most abundant 
element which can be ionized. The rate of recombination is then a n/ 
processes per cm^ per sec. Here a is the recombination coefficient, which 
is about cm^ sec*"^ at 100° K The abundance of carbon by 

number of atoms is about 10-^ times that of hydrogen, by Table I, so 
that % = 2 X 10“^ ions per cm^. Hence an^^kT'^ = 5.5 X lO”^^ erg 
per cm^ per sec. 

A similar calculation shows that the photo-ionization of H" ions may 
contribute about the same amount of energy. It is clear that the collisions 
between the clouds provide far more heating than does photo-ionization. 
(This is no longer true when the H atoms themselves are ionized.) 

Now the clouds are raised by the collisions to 3,100° K once in every 
2.1 X 10^^ sec, on the average. The observations of the 21-cm line of 
hydrogen yield a temperature of 100° K, and there must be an efficient 
process which cools the gas between collisions. It seems that hydrogen 
molecules are the most effective cooling agents. According to Spitzer’s 
results ® they radiate energy quite rapidly at high temperatures but 
become progressively less efficient at lower temperatures (say below 
500° K). 

The rate of change of energy per unit volume at a temperature T, 
below 500° K is 

( 1 *^’) = — 

where = no. of H atoms per cm^ 

^H 2 = ^2 molecules per cm^ 

7 == 2.5 X 10“"^® ^*-520/^ (this is the value found theo¬ 

retically by Spitzer, but written in a different form). 

Then 

^ _ ll ^ _ 1.2 X 10-10 na, Vf e-sao/r. ( 4 ) 

This gives the variation of temperature with time. We can now 
estimate n-s,^ by finding out how many hydrogen molecules are required 
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per unit volume in order to cool the gas sufficiently ex|>laiii the residis 
of the 21-cm measurements. 

The cooling from 3000° K to about 500° K tak<3S pla<‘<' (juile rapidly 
but at lower temperatures the factor e’"52o/T ra,t(^ 1 lu^ ga,s 

will, in fact, spend most of its time at a temperatLii*<^- n nu^h b(‘lo\v 520 ' K. 
We shall therefore solve the following problem. 

The gas is heated to a temperature of 520° K oiic-o in 2.1 X 10^^ sens 
and then allowed to cool. What density of hydiro^xm ni(>le(‘ul(\s is re¬ 
quired so that 100° K is the harmonic mean valu<3 ot tluj toinperut.urc^, 
averaged over the interval between two success! v^c lu^aliags? (It is 
shown in the appendix that the 21-cm measiarerncnts do, in fact, 
determine the harmonic mean temperature.) 

Equation (4) can be re-written in a more coixveiiicnit form if we put 


520 

T"” 


u^; 2.63 X — T, 


and it becomes ^ = 1 . (5) 

dr 

When ^ = 0, r ~ 0 and T = 520, giving" n « 1, 

The harmonic mean of T over the period Trotn time t » 0 until 
t ^ ti is 


T 


M 



df 


T 



-^1 

iC^ 


dx- 


In the present case Tm == 100° K, approximately^ so that 

~ r^u^dr = 5.2. 

Jo 

By equation (5) 


((I) 




<’®“ eij), 


where w = wlicn r ^ = ti. 


and 
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Equation (6) can then be written 

d» = —5.2 [^ — e] + 10.4 J"' dv 

dc + 5.2 e — 9.4 dw 

^ Jr 1 ~ 1-81 e~^ j] e'°^ <iu]. (7) 

A table of the function e^' J“ dn is reproduced in Unsold’s “Physik 

der Sternatmospharen” According to the values given there the term 
in square brackets in equation (7) equals 0.02. As is also small tlie 

second term on the right hand side can be neglected. 

From the values in the table the solution of the equation 

can be found to be 


or 


Ui = 2.63, so that 
Ti = 2 e'^^dv — 
2.63 X 10-12 




40 


40. 


( 8 ) 


But time interval between successive heatings = 2.1 x 10^^ sec^, 
so that 

^H 2 ~ X 10"“2 molecules per cm^. 

Since = 20 atoms per cm^ in an average cloud, it follows that only 

i^ydrogen molecules, or that 

Tf hydrogen is present in molecular form. 

5 °‘>>’^esponding value of must be 84 mole- 
cides per cm , which is too high a density to be possible in an average 

^e value of is very sensitive to variations in T„. At present tlie 
determn^bon of temperatures by 21-em radiation is^not Sctentt 



*rin; iik \'n %<; a\ii roni,ix<; <)i»' i nm'Hehtfj.jaa it cjah vidnnm 67 


APM*;Nin\ Till: l XlTaiPIIKTATION i>F THK Ti*:M,l'»KI,t,VrilllK OF IN'rOE- 
S’riJJ.AII rLoOOS AH MJ-lAHUItFO BY M KANB <>F T»/B 21-OM LINE, 

It. FliJi liF sliinvii tiilii file tiTiijHTiituri* foiiiul rxiHinjiuiitaily is 
f*rtVF!i\'rly |7* ^ j K tiir avrni.||F Itoiiiii hikm <n‘er tlic' If afoiiis alony tlu^ 
liiiF sipjit, 

('uiisiiltT u li\iirotriai with a norouiiifVjriu dtiisity n a,Iotas pea* (air* 
laid a aoiioinifiaaa tFfii|H‘ratunt T. Tlitt II iitoais luivo sla,U‘s I aial 2 
M‘paritt-Ftl hy an nirrgy <!iffenait*F hp { !l,7 >: !(^ ia tha prasaai 

oasf. Hiis is laarh Ir.s^ thiia the lovvost vaiua ot kT ia. the j^pis). 

Lei. A ■ ■ proliitlality itf a spoiilaaeoas triia.sit..ion. 1, 

/I jinthiihility of ahsorjilieHi aad of iaelaetal cariissiorL 

If t!it‘ jjojiiiliitioa of file two slHtes is ilehaMaiaed ctsHeatially by eo'L 
lisioiiH he!ween the iitoias, wr have ^ 

iii I I ^laasity^ of aliiiiiH ill state 1| 

.iii 11 ' ^haLsIty <.tf iif.oias ia statc^ 2. 

11ie fiiisorptieai uiai riaiHsioa caiitiliiae t:o give an cdTcadivc! ahHorjition 
nieHieiiait e-) eia ^ ^ siiy. Now if tin ekatieal 

t»r length ik Ilf opticail tieptli t stihiencls a. solid iirigle dfi at the Earth, 
file iaUaisity of riidtiilicnt remved frorrt it in 

4!^ fii A kp civ n A hv t * civ, 

silica* /L^ I n and in wlihdi dr ^ a^dv. 

Xt»w let dA' aciv, ho that N in the miaiher of H atoms pea* nidt 
cailuian cd* haigflt along file line of aigtiL The intcaiHily of riidiation at 
the* Eiirfh hr<a»iii<*s 

A hr I e * dNy where r 1 da 

ainOr y We drfiiic 7 ';j ^ Jo ‘■’*^ 1 ’ 1 j 

tciniKTatitn* IhnI nnr iuft-rn front the results of itienstireniettls iit ‘il em. 
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If the temperature is uniform then T == Tj^ throughout the medium 
and the radiation received is 

A liv _ A -j rp _ c di^ Snv^ , ^ 

47 c 2 g 47t B ^ ^ ^ 4n 

by the usual relations between A and B. 

The interpretation of Tj^ is more difficult when T is not uniform. If 
the smallest regions within which T varies significantly are large enough, 
the temperature observed at the Earth will be determined solely by the 
conditions in the nearest clouds. This does not seem to be the case. Then 
suppose that the fluctuations of T are so rapid that an average of a 
function of T taken over N becomes approximately equal to the average, 
taken over N infinite, for N < where N-^ is the number of H atoms 
in a unit column of unit optical depth. Then the value of T^i does not 
depend on the nearest clouds. 

In this case 


and e [N) is small for N > N^, where No < Thus 

t-j; jdjf=g+„jv,(iv), 

and finally JJ e- dW = jj exp { _ g ^ „ iV ^ (N) } dW ~ 

Thus if T fluctuates rapidly enough, the temperature inferred from 
radio measurements, may be identified with where 


In the evaluation of g the average is taken over all atoms in the line 

of sight at a given time. If all atoms are subject to similar physical 
conditions the same value can be found by averaging over all times 
for a given set of atoms. 
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' .1. n. A|>.Il(», ii'Vi). 

» 1.. H. AIUt, ‘'Tin- \tinnh).liiT»'s «if the Sun uikI Slars”, New York (11)51$), p. »27. 
' .1. II. .IfHiiH. •■Kiiiflie Tlu-iiry of (iuscs”, (lilHH), p. i;(7. 

* I,. .Spit/,« r. .!r„ .\p. t(>7, <1 {liitH). 

'■ 51. Sfutoii, M, N„ in, HiiH {1!)5I). 

* I.. Spilw r, .Ir., .Vp. .1., 109, IW7 (HitH). 

* I iiMilil, ‘'I’hysik <ier Stcnisitmosphiiren”, llcrliu (lOliK), ji. 1(1!$. 

' \tiitiii ill proof; liimiverlciitly lire stnli.'^lical wci^rhl.s were taken equal, 
uhilf at itiallv they an- U and I. TliiH iIiwk not clmnKe the rc'Hult. 



CHAI*TKU !» 


ON THE FORMATION OF CONDENSATIONS IN A 
GASEOUS NEBULA 

m 

IL EAMHTM.A 
Atmiefdmti. 


Since ii complete paper on this sulijeet will appear in the ' J-airiinl «»r 
Atmospheric and Terrestrial Physies", ‘ we shall restrict unrsrhes {» 
a brief summary. 

The object of the paper is to jirovitir li p«»ssil»le nirrlmnism fur es 
plaining the occurrence of eoiKlensnlions in a nehiiln, cxposcil i tf her to 
the highly diluted radiation of a star of very high Ifnipmiliirr, or to 
similar ultraviolet radiation from a rliffcrrnt origin, nr to high oirrgy 
corpuscular radiation. In order to bring out the principles as rlrnrly ns 
possible, the situation is simplilied to the extreme. 

One considers the nebula to ecaisist of a single sjwries of utarn*. any 
nitrogen, which can occur in two .stages of ioiii/Jition. The nioins (or 
ions) in the lowc.st stage are called “atoms'' A: it is siipfHiscil that they 
have a low metastahlc level H, exeilahle hy eleetroti iiapaet, the esei- 
tation energy being For inslanee. stage may la* N*. whi're the 
spectrum [N II] is emitted by electron inipnet. The lowest stage A eiia 
be ionized to the lu'Xt stage A' {in the pretvding example this would 
be N+ '), which has no metastahlc h>w level. 'I'he photo clrrfrons frer'd 
by ionization in the ease where this is due to ultraviolet raduifoni, wdi 

have an average kinetic energy kT, where T is ealU-tl (he ldM r»»!i»<ii 

temperature. This liberation temperature is «lrj>eiHlent »»n the oninr* nf 
the ultraviolet radiation. When the riwliation is eoming from n star w n ]> 
black })ody temi)erature 7’#, f will Ik* a funetHut of 7‘,, In grmm! 

m m 

** II ^ * 

the sign of (‘(juaUty holding when kf is small eompniftl with llie ikh 
ization energy. The (dcetrons present have an au-rage Lae n<- * !i« t;*i 
determined hy the (mlinary electron temjM'rnture 7'.. «fuh Oi* .»%« 
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fiHTft} ol IIm* flFcinsiiH wl'ieii hy the atoms iu t.Iu^ sia|.(e 

iwbieh Ihiii niiirii to ffa* A Hta||e), amounts to kl\,^ wIhtc^ is 
ralleil I lie <*lai‘lro!i eiijifiirc^ tc^mperatuna In ^aa.ieral: 


f'i|iialilv holtiiiig when k icmmation energy. 

We writf* u for the totiil lunnher of atoms per eneh n{l -- <t) 
!t>r the ntiiiiher of thoHe Jn state A iiml n n for those in stale A 

so flint a rt*presents the degree of ionization. It is assunuMl tliat tlu^ 
ioih/jifioti is inairly eoinpleti* {u near nnity). Let there he a/ atoms A per 
eni*'^ in the low miergy Kfat.e, and n*^ in thc^ nietastahle state IL that 
n* I 11 ^^. If the iitoin A has a charge i — L t!ie ion A a charge h 

the iiiiiiilfer of ek*cdrons per erir^ is given hy n, ■ i -h {i * l)ti.A» 
whieli for iieiirly eomplete ionization is approximately ecpial to i %’L 
Kiieh ioiiiziifion after some time is followed hy a naaimhinatiom In 

riieh cycle the fleetron starts witti a m<an kinetics energy it 

retiiriis with n meiin kiiietie energy in tlie mean time tlu^ 

rlrcdroii imisf ha%a.* lost the difft^renee. If tliere are M ionizations per 
<* 111 * per secaanh the t<itid energy lost by the edeetrons per ene^ and pea* 
«f<*oiid aiiioniitH to; 

“ Shi’T T.). 

I1if iftiiiiility ,V is ecjual to % mnlliplied l>y a eomplkmted factor de- 
prmlifig on the Hpeetrimi and the intensity of the ultraviolet ratiiidloii 
iitid Oft iitoinie eoiistaiitH; this faetor, however, does not depend on 7^ 
It fiiii ho eoiisidered as a fimetion of or of and ean he lreai<*d as 
a for II givmi |>liysieal situaiiom 

The fleet rolls lose their energy in eonsecpienee of eollLsions with the 
atoms, in whieli the* atoms are exeited from the ground h^vel hi ilu^ 
metHstable level (the energy stored in this way in the atoms is afterwainls 
nifiiatcfl iittiiy into space iiml thus is lost). The numlier of exciting 
4*ollisiiins F per and per second is proportional to the; prodticl; of n* 
and w,, Ingetlier with a factor dejraidtng on atomic* constants and on 
in siicli a way that one can write; 
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In a state of equilibrium we now must have: 

lNkiT-T,)=Fx^^. 


When the expression for N is introduced and when it is assumed that 
n" is small compared with n\ so that we may write n' ^ the number 
drops out and there remains an equation for the electron density, 
which can be written in the form: 

n^ = C{T — T,) T, 

where the ‘‘constant” depends on atomic properties and on the incident 
radiation. 

Since the density of the gas is given by 


Q — nm = {nj^+) m = (1/i) m 
(m being the mass of an atom) and the pressure by 


we find: 


'p = {l + l^Ck(T — T,) T, 

With appropriate units of mass and pressure, depending on the physical 
situation, a unit of temperature equal to XabP^ = 21,800^" for [N II] 

and the equation of state for the gas can be put into the 

form: 


p = ^ = e+i/^e. 

The model of a nebula consisting of a single substance A (nitrogen 
in the present example; oxygen would also be possible) has been given 
to bring out the essential features in a simple treatment. A case which 
approaches more to an actual nebula is a gas consisting of hydrogen 
with some amount of the substance A admixed to it; in that case the 
electrons which excite the forbidden lines of nitrogen or oxygen are 
mainly furnished by the hydrogen. It can be shown that the same 
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liitfd ajiprtixiinatFly, {■m>vic!ed that; the ionization of the 
aiiil fif ihv suhstanre A is nearly eornplchx 


F*ir a hht'rntion feinj>eratnre T, both tla^ volunu^ per unit mass 

r |f»r tin* lieiiHity u) iiiu! the f|iis pressure p are ilunx^fore fuuctions of a 


sifiitie parunieler Ida* a 
fii phy^ieal sitnathnu 
ami not too ahsorp- 

tioia T is c*oii%tiiiit* Clue c*aii 
tifiivfiriitt rtirves of eons! lint 
liherafiitii trmprnitiire Tm 
lire ^hvrit in fi|,x Lit is found 
tiiiit, for T liifner tliiiii a 
eritieiil viiliie LttllH, 

Krjiiiriif ion in f wo phast^s of 
rqiiiil pri^Hsiirt^ ocsnirH, For 
iiistiiiifr with ■■ 

HHdMMI (strllar tiaiip. 
I47.IMMF) one hiis for the 
ilililtr pliiise I and IhfoItuiHe 


r,V, 15 . 

5.1 lUMlOO". 

r„ 0.J1.5 



< hi tin* hn'.i*. Ilf 1 hi*sc> n-Mllts '• P-'’-«HaKnwn witfi curvfH of coiwtiuitlihcr- 

.1 atitin tompcmturo, T. 

till* limn olmcrv'ou 


hy llHn«!o ill thr piaiiiiiirif neUnla in Aqiiarim N<J(! 7 ‘ 29 » were (UKCtiff.secL 


I shiitild like til make a remark on another eane of eoiKlensntions, viz. 
Ifie liliinirnlmis eondensatioiiK in the Crab twhiila’‘"K The eleet.ron 
fenijti rntiire in flu- inuin hotly of the t'rah nelmla, the tnedinni, inu.st 
he veiw hifjh, at least 7’,i, while in the condenKationH, where 

tin* forhiddiii lines are olwerved, the eleetron timiiiendnri: is eertaiidy 
hiw, of the imiiT .’(MX) . If one HSHumes T,j *250,000" and 7’,.^ 5000", 

one shoidd have, lor eijiiulity of pressure, Q-Jdi 7'’,,/7',.^ .50. If the 

eoiieenlralion in the main body is 10® partiides jier ein*'*, one should have 
for the «•o^nh■l(satioils 5 >. I0< per em®, whieh is pi-rhaps not. nnreason- 
ahlc. * 
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Two possible excitation mechanisms have been put forward. One can 
assume one of the central stars to be responsible, which would require 
a stellar temperature of about 400,000°.^ On the other hand, since the 
Crab nebula expands with a velocity of about 1000 km/sec, the nebula 
might entirely be excited in consequence of collisions with the inter¬ 
stellar gas.® Assuming, for the sake of argument, that for each ionization 
the average energy of the electrons upon liberation is 30 electron volts, 
one would have T = 232,000°. The ratio occurs for 

the curve of constant liberation temperature, T = 10 units, so that the 
unit of temperature would be about 23,200°, which is of the right order. 
Moreover the theory would require T.i = 12.5 = 290,000° and = 
0.23 = 5300°, in approximate agreement with the above estimates. 

A question which might be raised is: Is the filamentary structure of 
the condensations in the Crab nebula itself bound up with the collision 
with the interstellar gas ? 
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CHAPTER 14 


THE FORBIDDEN LINE SPECTRA OF GASEOUS NEBULAE 


BY 

M. J. SEATON 
London 


The spectra of many gaseous nebulae contain forbidden emission 
lines resulting from transitions between low-lying metastable levels of 
various ions (0+, 0++, N+ etc). From a study of the relative intensities 
of these lines it is possible to obtain important information about the 
physical conditions in the nebulae. In the present note we consider the 
determination of electron temperatures and electron densities 
The relative intensities are determined by three processes: excitation 
by electron impact, deactivation by electron impact and by spontaneous 
radiative transitions. We consider first the simplest case, an ion with 
ground state A and one metastable state B. The equation of equi¬ 
librium is 

N ^ + (^bA ^A ^AB -^09 (^) 

where: 


are the number of ions per cm® in each state, 
is the radiative transition probability, 
is an electron excitation coefficient and 
a^BA electron deactivation coefficient. 


The excitation and deactivation coefficients are related by the 
equation 


^AB 


^BA 


( 2 ) 


where the co’s are statistical weights and Eba is excitation energy 
of state B. The deactivation coefficient may be expressed in the form 

ciba 8.54.10“”® (cm® sec“^)- 

BA (ObTJ^ ^ 


( 3 ) 
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The collision strengths Q (A, B), which may be regarded as constants for 
positive ions, have been calculated for a number of cases of interest 
They are believed to be correct to within dz 
The quantum emission rate per cm^ per sec is given by 

Q^BA ~ ^BA (^) 

and using (1) and (2) this may be written as 


^^BA 


0) . 


/ -^MA °JiA \ 
+ '^BA '^‘1 ’ 


( 5 ) 


It is convenient to introduce a critical value of defined by 

Nl ^ -^baI^jba- 


(6) 




QMA-N^~er^^A/>‘T, (7) 

A 

giving an emission rate equal to the excitation rate and independent 
of (deactivation being negligible). However, if ^ N^, 

( 8 ) 

A 

which is the Boltzmann distribution case. When (8) is applicable, most 
excitations are followed by deactivation rather than by radiation, and 
the quantum emission rate is limited by the value of A^j^. Thus (8) 
implies, in general, an emission rate which is small compared with 
that for less strongly forbidden lines. 

In practice we have to consider ions with two metastable levels, B 
and C. In order to illustrate the essential features of the equations in 
their simplest form we neglect all B->C and C—>-B transitions. For 
practical problems this is, of course, not justified. In this approximation 
the ratio of the emission rates is given by 

_ ^SA . / -^CA + apA ^ e\ 

^0.1 -^OA ^AC + “iJ.1 •^ej' 

Taking levels B and C such that < E^a, we always find that 
^BA ^ ^ 0 A> but that and of comparable magnitudes. We 

may now distinguish three cases in order of increasing : — 
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Case (1) Acj, ^ and ^ N^. We then have 

rails<“> 

which is independent of and may be used to determine T^. 


Case (2) Aqj^ ^ but N^, We then have 


Q 


BA. 




'-BA 


BA 


D (A, C) 

This may be used to determine if is known. 


( 11 ) 


Case (3) A(jj^ a^A ^ba^ ^ba We then have 

, ( 12 ) 

%A ^CA “p ^ ^ 

which is the Boltzmann case, for which the emission rate rate is again 
independent of iV^. 

We consider the application of these methods in various astrophysical 
problems. 

Planetary nebulae. The values of may be obtained from the 
[0 III] lines, for which case (1) is applicable. Recent work sug¬ 
gests that the temperatures are both somewhat higher and also some¬ 
what less uniform than was believed earlier ^ (it appears that ranges 
from 1.10^ to at least 2.10^ °K in typical planetaries). 

As an example of the use of relative forbidden line intensities to 
determine we may consider planetary nebula NGC 7027, for which 
the observational data is particularly rich We adopt a temperature 
of = 2.10^ °K; the calculated values of are not very sensitive to 
the value of assumed. Errors in the intensities arising from differential 
space absorption have been eliminated by multiplying by a factor 
depending on wavelength which brings the observed hydrogen inten¬ 
sities into agreement with the theoretical values. 

The following Table gives the values of obtained from various 
ions. For N II, S II and 0 II equations similar to* (9) have been used 
(the conditions for these ions come close to case (2)). The value marked 
“0/N” has been obtained from [N I], [O I], [N II] and [O II] lines. 

The equations used ® include all B -> C and C -> B transitions. 
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assuming that the 01/NI abundance ratio equals the 0 II/NII 
abundance ratio: 

NGC 7027 


Method 


on 

4.4 

S II 

2.8 

Nil 

5.4 

0/N 

5.2 

Surface Brightness 

0.94 


The last figure is obtained by an entirely different method the surface 
brightness in the Balmer continuum. For this method it is necessary to 
know the absolute surface brightness and the absolute dimensions of tlie 
nebula. Since these quantities are known less reliably than the relative 
intensities, it is possible that some of the discrepancy between the two 
methods is a consequence of observational error*. It appears probable, 
however, that at least part of the discrepancy is real. 

The two methods could only be expected to give identical results if 
the density were uniform. If it is not uniform differences in the calculated 
values of arise from different methods of averaging. The surface 
brightness method gives essentially a root mean square average over 
a specified geometrical volume, while the forbidden line methods giv(j 
an average for the denser clouds which may be responsible for most of 
the emission. One method by which such dense condensations could 
be formed has been discussed by Professor Zanstra at this conference. 
If all the matter were concentrated in clouds of uniform density, we 
could estimate from the above figures that only some 5% of the total 
volume would be occupied by clouds. 

The Orion Nebula. Similar methods may be used for the bright central 
regions of the Orion nebula \ The following values have been obtained 
(taking T, = 1.2.10^ °K): 


The Orion Nebula 


Method ‘ Nq 

S II 1.0.10^ 

0/N 7.10® 

Surface Brightness ® 10^—10^ 


* Note added in proof (November 1954): It nowappears that the discrepancy is 
largely due to the fact that the brightness estimate used ® has not been corrected 
for space absorption. 
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Nebulosity in Cassiopeia. Dr. Minkowski has shown a remarkable 
spectrum of the nebulosity in Cassiopeia While the [O I] lines (A 6300, 
6364) and the [0 III] lines (A 4959, 5007) are strong, the [0 II] lines 
(A 3727) do not appear. The suppression of [0 II] is probably a deactiva¬ 
tion effect. We give below the values of Nl (equation (6)) for these 
transitions (assuming = 10^ ""K): 


Transition 

a 

[0 I], A 6300, 6364 

1.4.10® 

[0 li], A 3727 

6.10® 

[0 III], A 4959, 5007 

9.10® 


It is seen that deactivation becomes important for [O II] at much 
lower densities than for [0 I] and [O III]. 

Thus electron densities of 10^ or greater would lead to a suppression 
of [O II] relative to [O I] and [O III] (for example, with ^ 10® and 
equal ionic abundances, [0 II] would be fainter than [0 I] and [0 III] 
by a factor of order 100). Thus high electron densities (iV^ > 10^) appear 
to provide the most natural explanation of this spectrum. 

Nova Shells'^. Strong [0 I] emissions are observed in the early stages 
of novae (the 0 I flash). The intensity ratio I (6300-f 6364)/J (5577) at 
first remains nearly constant, and then begins to increase. At a later 
stage the [O III] lines become strong (the O III flash) and [0 I] dies 
away. The ratio I (4959+5007)// (4363) is again at first nearly constant 
and then begins to increase. The [O II] lines (A 3727) become strong only 
at a much later stage, when expansion of the shell has greatly reduced 
the electron density 

The most plausible interpretation appears to be that in the early 
stages the conditions for [O I] are close to case (3), giving the intensity 
ratio to be approximately constant despite the expansion of the shell. 
However, as the expansion continues case (2) becomes applicable and the 
ratio increases (the rate of decrease of density being approximately 
proportional to the cube of the time ^ similar sequence then 
occurs for [0 III]. 

From the intensity ratios at any instant we may obtain a relation 
between N^ and T^. The following Table gives this relation for Nova 

* This section has been added at the time of preparing these notes for publica¬ 
tion. The author is indebted to Dr. Minkowski for a discussion of the problem and 
to Dr. K. Wurm for Ms comments. For general references, see 
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Hercxilis 1934, at the time when the [01] ratio was approximately 
constant and at the time when the [O III] ratio was approximately 
constant. The lowest values of T, given correspond to the case (3) limit: 

Nova Herculis 1934 


[ 01 ] 


I (6300 -f 6364) 

1 (5577) 

*' 

T 


6.4.10® 

> 2.10® 

8.10® 

1.5.10® 

1.10^ 

5.10’ 

2.10* 

9.10® 

4.10* 

3.10® 


[0 HI] 


I (4959 -f- 5007) 

I (4363) 

- == o.a 

T. 


9.4.10® 

> 2.10’ 

1.10* 

5.10’ 

1.5.10* 

8.10® 

2.10* 

5.10® 

4.10* 

2.5.10® 


It IS seen that the orders of magnitude obtained for N, are consistent 
with the suppression of [0 II], A 3727. They also appear to be consistent 
ith estimates made from a consideration of the total mass and di¬ 
mensions of the shell. 

r Jirfr has drawn attention to the fact that the 

, enhanced relative to Hct in filamentary 

structures. It does not appear possible to explain this in terms of any 
peculiarities of the excitation cross sections. It is possible that the effect 
IS a consequence of changes in the ionization equilibrium with changes 
m electron density. In low density regions most of the nitrogen may 
weU be doubly ionized. In this case the higher densities in the fflaments 
would give an increase in N^- abundance relative to proton abundance, 

inten^to hydrogen 
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CHAPTER 15 


DISCUSSION ON CONDENSATION AND 
TEMPERATURE REGULATION IN INTERSTELLAR 
GAS CLOUDS 


Chairman: Dr. E. C. BULLARD 


Seaton : I would like to make some remarks on the theory of the 
formation of condensations proposed by Professor Zanstra. 

Consider the hypothetical neWa with only two ions, A and A+, and 
assume that A has a low-lying metastable level but that A+ has not. 
Denote the densities by N{A) and A(A+), and denote by I the energy 
radiated, per cm® per sec, in transitions from the metastable state 
of A. 

Two conditions must be fulfilled if condensations are to grow by 
Zanstra’s method: 

(i) A'(A+) ^ N(A). If this is satisfied, A(A)/A'(A+) is proportional to 
the density and the efficiency of cooling may become greater in conden¬ 
sations. 

(ii) I ^ N{A) • N^, where is the electron density. This is satisfied 
if deactivation is unimportant. It requires that should be less than 
a certain critical value, which gives an upper limit to the densities which 
can result from Zanstra’s mechanism. 

In certain planetary nebulae there is some evidence for the formation 
of condensations. It is therefore of interest to ask if conditions corre¬ 
sponding to (i) and (ii) are satisfied. The ion mainly responsible for the 
cooling is 0++. It is probable that a good deal of the oxygen exists as 
0+®, 0+* etc, which have no low metastable levels. If this is so, con¬ 
dition (i) may be regarded as satisfied. 

The values of in the condensations may be of order 5.10*/cm®. 
The critical value for 0++ is of order 10®. It therefore appears that 
condition (ii) may also be satisfied and that Zanstra’s mechanism may 
play an important role in forming condensations in planetary nebulae. 

The situation is complicated by the fact that an increase in density 
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will i!U‘n‘asr tlu* ai)UiuiaiUHM>f , for whic^h lluM^rilicaJ (knisity 

is \rry low { <an'^). Due to thk effect it is possihk^ that <l<aisiti(ss 

of (H'tirr a.IO^cair^ arr in kui close to the iij>pta* limit whi(‘h cun l)e 

tibliiiiitil by this iiHThmuHno 

MiNKtnvsKi: 1 would lirsi imiki* a few nanarks on (‘oiHkmsation in 
cti‘tni!i uclaikna and <»bs<a'V<‘ that hc^fore * 4 ’<>in^ into too many sikk’u- 
latitHis it is !ro(Ml to go hack once rnore to the ohscrvaJionaJ da,ta,. 
ucctirrtana* of c*ond<*nsations is cjuitc difftTcnt, in diflVrcnt types of 

iichulac: 

U Some lifv markisl by the «*xtreme absence of <H)ndcnsaiions. 
Kxiiniple: tin* Owl tiehulac N(!(.’ EI>H7. It looks very much the same in 
different, colors, 

2, Scant* show H nmttied appcaraiu'e, particularly in Iht photographs, 
Kxainple: Nti(‘ I5CIL llus partieular iiclnila Inis ilu^ same a|)pearance 
in lla and |C > III |, In this c‘ns<\ the sirueture seems to show directly an 
um*vt*n distribution cd’dimsity. 

li Some are very jiceuliar and tlie tud)ula(* N<}(’ 72hil is an example. 
The tiny eondeiisaitons in it have radial extensions that resemble cornet 
tidis. Hiey are quite sharp on a red plate {inainly [N II1), hut more 
diffuse on ii plate taken in the liglit of j'C) III], This sliovvs that the mass- 
eoiuTiitriition is not- us the red plate suggests. 

In general* it is an einpirieal law that the (N II [ lines rcniet very sensi* 
t ivrly to eondit ions of eseltiitioiu They can he enlianceil in sharply defined 
loeiil favorabic* areiis in a large<iiffuseohjeet*andslunv thenthedlstrilne 
tion tif II jieetiliiir eondit ion of extatntion, not the true mass <listrihutiom 

My further remark refers t<i Seatoids disensston* by whic*h I am not 
cjuile saiisruab What is the essential differeiiee*. between tire 0^ and 
the N* ion? In ordinary nebulae sometimes 1C)II| is stronger and 
Hoinetiiiies (Nil| without signilleani differenees in the rest of tire 
spf*ctruiin 

Sfatc^n: The intensity ratio of jN II] A <IIS4B* to [() II| A*W27 
depends on eleefroii temperature^^ ek*eiron ilensity ami the redative 
iihuiidiiiiee of N ' and ions* a!! of whiedr may be variable, (() II | AB727 
differs from most otluT forhidilen lines in that it has a much lower 
radiative Iransitkm pncbahility. The cleetron density for whieh radiation 
and (k*itctivation are tajually probable is 0 X vnr^ for[0 II] and 
is 1 /, IO^»em ** for |N II j. My point ahcnit the t’assiopeia soim*e was 
that if |CI I| and |0 III| are present* tlien there must be* a consid(a*ahle 
dmisity of CM ions. The* absenee of |0 11] A B727 then indieates that ihe^ 
cleetron density must lie mneh greater than il x UMem 
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Menzel: I have been developing a theory of solar prominences. A 
ament of conducting gas, descending through a magnetic field, will 
have induced m it an electric field. Under some circumstances a discharge 
can take placie and a current build up of the order of 10® to 10® amperes 
within an interval of minutes. Inductance rather than conductivity 
con rols the rate of build-up of these currents. Two types of forces are 
involved. One causes a loop to form, which expands much like a smoke 
ring. At the same time, the so-called “pinch effect” tends to reduce the 
cross section of the current-carrying element. This simple prominence 
model accounts for many of the observed properties of prominences. 

I have been considering the possibility that the filamentary structure 
of gaseous nebulae may also arise from the pinch effect, or possibly from 
a combination of this effect with those described by Zanstra. On a still 
arger scale, one may speculate that the spiral arms of galaxies may also 

have come into operation through the action of electric currents and 
the associated pinch effect. 

Gold: Kahn’s discussion of the heating of clouds in a collision 
between two clouds should be completed by including the magnetic 
pressure This important effect may cause a more or less elastic collision, 
so that less energy is liberated than Kahn computes. 

Schatzman: How many clouds are actually in the process of col¬ 
lision ? Would It be possible to recognize them ? 

^hn: Some five or ten per cent of the clouds may be in collision 
but I do not see how to distinguish them. ^omsion, 

Bok: Kahn’s estimates should be different for regions in a spiral arm 
the H II clouds, as weU as the neutral hydrogen, are concentrated in the 

dirULS. 

Oort: All estimates made so far refer to the region near the Sun 
which IS in a spiral arm. As an answer to Schatzman I would suggest 

that perhaps the nebulae near Merope with their wave structure Se a 
case of colliding clouds. are a 

Kahn: Can Savedoff tell me how low the temperature of the inter- 

SSulSer ^ 

pa^rT”™' Spi‘“'-SavedoIf 



PART III 

SHOCK WAVES AND COLLISION PROBLEMS 


CHAPTER 16 

EXPERIMENTS ON THE RADIATION AND IONIZATION 
PRODUCED BY STRONG SHOCK WAVES 

BY 

ARTHUR KANTROWITZ 
Ithaca, N.Y. 

I want to begin by reviewing for you some of the well-known quali¬ 
tative aspects of shock waves. I do this in the hope that we may be 
more readily able to determine whether any celestial observations reveal 
similar phenomena. To my mind, the most striking property of shock 
waves is their tendency to produce a certain amount of macroscopic 
order while they are producing a large amount of molecular disorder. 

A first illustration of this organizing tendency is most readily brought 
out if we consider the formation of a shock from an arbitrary com¬ 
pression wave in a one-dimensional process. The forward elements of 
the wave are overtaken by the rearward elements as a consequence of 
two phenomena. First, the forward elements create a gas motion which 
transports the rearward elements in the propagation direction, thus 
increasing their propagation velocity. The propagation velocity of the 
rearward elements is generally increased also by the fact that the 
medium is heated by the previous compression process. These effects 
are additive so that under almost all circumstances compression waves 
will steepen up in time until the pressure shows an almost vertical step. 
The steepness is finally limited by transport phenomena which 
occur when the thickness of the compression wave becomes comparable 
with the mean free path. Compression waves, which have attained this 
degree of steepness are called shock waves. Thus, the process of for¬ 
mation of shock waves organizes arbitrary compression disturbances 
into “rough” step functions. 

Another characteristic feature of shock waves is their tendency to 
form smooth surfaces. Thus a concentrated curvature at any point on 
a shock wave diffuses out so that the curvature tends to equalize with 
that of nearby regions. When a shock wave propagates down a straight 
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boundary conditions require that the edge of 
the shock be normal to the tube walls. The diffusion of any initial curva 

dicuL to the^tS.™ becoming accurately plane and perpen- 

dicu ar to the tube axis. Again in explosions and implosions where the 

ThPsP • dimensions, cylindrical shock waves 

toUon of 37h ** !■> the identi- 

hcation of celestial observations with shook phenomena. To complete 

an? t ““t* *he mass velocity of thrvas 

and Its thermodynamic state changes abruptly in a distance of the orSr 

Sith Jy tr *“0“ h. 

shock**? Mmtfflcation of shook waves and in determining the role of 

w.vespr:rs^'“^^^^^ 

program has been the development of 

t y“ undTr“ 

tory conditions which would permit close control of the aas state nro 

directly proportional to the speed of sound in the driver gas In Fia 2 
we present theoretical shock ^^v^-r gas. in r ig. 2 

speeds obtained from conven¬ 
tional shock tube theory for 
various ratios of the speed of 

Fig. 1 . Schematic representation 
of a shock tube. 

(a) shows a shock tube. Note that 
the diameter to length ratio has 
been exaggerated. 

(b) the position of various pheno¬ 
mena involved in the production 
of the strong shock versus time. 

(e) the pressure distribution at the 
instants and shown in (b). 
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sound in the (diatomic) driver gas to the speed of sound in a mon¬ 
atomic driven gas In many of our experiments these gases were 
_hydrogen and argon respectively 


\ 



Fig. 2. Relation between the shock Mach 
number and the diaphragm pressure ratio. 
Curves are plotted for various ratios of 
the velocity of sound in the high and low 
pressure gases. 


and with this combination Mach 
numbers as high as about 12 are 
attainable using pressure ratios 
of the order of 10^. For the at¬ 
tainment of higher shock speeds 
we have added a small amount 
of oxygen (about 16%) to the 
hydrogen, thus after combustion 
we attain a sound speed roughly 
60% higher than that of pure 
hydrogen. This permits the at¬ 
tainment of Mach numbers great¬ 
er than 17. 

The apparatus in which most 
of these shock experiments have 
been carried out is shown in Fig. 8. 
The shock velocity produced is 
measured employing spark plugs 
(to detect the conductivity pro¬ 
duced by the shock) distributed 
at known stations along the 
shock tube in a standard chrono¬ 


graph procedure. Alternatively the shock speed was measured em¬ 
ploying the luminosity of the shock phenomena and a drum camera. 
It is found that the shock produced is of constant strength as measured 
by the speed and that the speed is roughly 10% lower than that calcul¬ 
ated from the results of Fig. 2. The technique of the production of strong 
shocks was developed in collaboration with Dr. E. L. Rosier and Dr. 
S. C. Lin 1. 

This technique has two important advantages over other methods 
for the production of high temperature gases for aerodynamic studies. 
In the first place, from measurement of the shock velocity an accurate 
value of the enthalpy of the gas immediately following can be obtained. 
M we write conservation of energy across the shock wave 


where M is the enthalpy per unit mass and u is the gas velocity measured 
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relative to the shock wave and conditions 1 and 2 are conditions ahead 
and behind the shock wave. For strong shocks the enthalpy of the gas 
ahead of the shock wave is negligible compared to the enthalpy 
behind. Combining eq. (1) with the equations of conservation of matter, 
of mass and momentum, it can readily be shown that the kinetic energy 
of the gas behind the shock is negligible compared to the enthalpy 
behind the shock. Thus to a fair approximation (within 5% for M. > 10) 
we have 



( 2 ) 


® brings into prominence the fact that the enthalpy of the 

gas behind the shock is determined almost entirely by the gas velocity 
ahead of the shock as measured in shock coordinates. This in laboratory 
coordinates is merely the shock velocity TJ^ so that a shock velocity 
measurement (which can be made with great accuracy) sfives an immedi- 
ate value of the enthalpy behind the shock. 

Another important advantage of the technique is that since the high 
temperatures are produced by shock waves and other aerodynaniic 
phenomena it will be possible directly in the shock tube to study sonuj 
of these phenomena. For example, the processes which accompany the 
transfer of energy from the mass motion of gas to thermal energy in 
shock waves can be studied in the shock tube. It will be expected that 
these processes will be considerably different from the equilibration 
processes which occur in arcs and other high temperature electrical 
phenomena. 

To summarize the present state of this technique it is now i)C)ssil)l(! 
to poduce highly ionized gases in shock tubes and to have an accurate 
estimate of the gas enthalphy. The enthalpies which have been produced 
are sufficient to ionize argon 20% {M = 17) or after reflection from a 
closed shock tube end to ionize argon 50%. It is thus possible in a shock 
ube to produce highly ionized gas in violent motion and to make studies 
of the dynamics of such gases. Our first studies have been made utilizimr 
a monatomic gas to avoid the complexities and energy loss inherent in 

dissociationproeesseswhichwouldoccurindiatomicor^ 

monatomic gases argon is the obvious choice since its high mo- 

AnSher'Tdl achievement of large molar enthalpies. 

cernffiriillom^ T""-'' ^ information con- 

cermng its atomic properties is available. 




Fig’. »}. Ai)paratii.s :ix)r the production of strong shock waves 



Fig. ‘I 


(a,) An (enlargement of a small portion of a spectrum (Argon deisler tube (‘ompari- 
son). It can l)e sc^en tliat the shock argon lines are greatly broadened and shifted 
to the red. 

dll An nnl*ir^»Y‘nvnit of n sirnilMr Tinriion of n snf‘r‘trnin tnk^en with a drum f‘aniera 












Fig. 8. Drum camera photographs of the luminosity produced by shock waves. 
Time increases upwards. The vertical dark streaks are produced by pieces of black 
tape wrapped around the shock tube. 

In (A) it will be noticed that the luminosity increases gradually following tlie shock 
wave, which can be identified from the beginning of particle paths. It will be noticed 
that in the luminous region a second shock wave is to be seen, whieli can be found 
from the higher velocity as compared with particle paths. It will be noticed that this 
shock is self-luminous; that is, it is more luminous than the gas which fV>llows. Tlie 
Mach number of this shock is 8.43 and it was produced by a combustion driver. 
In (B), we show a shock, Mach Number 7.7, produced using a pure hydrogen driver. 
In this case, it is noticed that the shock itself is luminous and i.s followed by a 
markedly less luminous region. The luminosity which follows sometimes later is 
produced by particles which originated in the metal portion of the shock tube. 

In (C), we show a Mach Number 10.9 shock produced by a combustion driver, in 
which quite different behaviour is recorded. In this case the luminosity appears 
suddenly and persists thereafter. The gradual reduction in intensity can readily be 
interpreted as radiation cooling of the ionized gas. 
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SPECTROSCOPIC STUDIES 


been known for several years that a tremendous amount of 

especially in monatomic 
af fL ^ ®^ests the use of spectroscopy to study the internal state 
of the gas. In particular, it was desired to determine how closely the 
gas approached thermal equilibrium. As the work progressed it was 
found possible to make time resolved spectra and absolute spectro- 
p 10 ometric measurements so that rate processes in the high temperature 
gases could also be studied^ 


In our first spectroscopic experiments it was found that the spectra 
were dominated by easily ionizable materials. The characteristic tran¬ 
sition from the spectra of unionized to that of singly ionized alkaline 
earths as the teinperature was raised was very prominent. However, 
the relative line strengths could not readily be used to study the gas 
state m our case since the concentration of impurities was not known 
Using temperatures over 10,000 “K it was readily possible to produce 
argon spectra when the impurity levels were kept to about 1%. 

An enlarged portion of sueh a spectrogram is shown in Fig. 4a, 
together with a Geissler tube argon reference spectrum. It will be seen 
that the argon lines in the shock spectra are displaced several Angstroms 
to the red and that they are considerably broadened. In order to study 
the variation of the line shift with time following the passage of a shock 
wave, a drum camera was constructed which could be used together 
with a grating to furnish a time-resolved spectrogram. Such a spectro¬ 
gram is shown in Fig. 4b. It will be seen that the line broadens almost 
immediately following the onset of luminosity and that thereafter the 
line broadening and shift decays rapidly. We interpret this as meaning 
that equilibrium is rapidly approached in the gas and thereafter the ion 
density reduces due to cooling. 

Ihis broadening and shift was attributed to Stark effect produced 
by the fields of neighboring positive ions and electrons. The effects of the 
positive ions (using known Stark coefficients) could be treated using an 
analysis due to Holtsmark. The effect of the electrons however could not 
be regarded as due to their static field as in Holtsmark’s treatment but 
had to be treated essentially as collision phenomena in the manner of 
the Lorentz and other treatments of collision broadening. This 
treatment was carried out by Dr. Marcel Baranger' with the help of 
Prof. H. Bethe. It was found that the line contours obtained experi¬ 
mentally were in agreement with Baranger’s treatment. 
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The Ihcon-lifal line shiftn vary nearly lineiirly \hi1i Ih« hoi lirji .iti. 
Therefore, aeee|){iii|f the lluoretieiU treatment, the line •.liiiK mn i„. 
used to tneiisiire the di'fjree <»f ionj/aitkm in nrj'nti siiiii- the M.ul, 
eocflieients an* knowti. Assiiiniii)? thermal e«|ni!iliniiiii. it iv jMe.mii|e 



^ tt, A eoniparisesi lietweea the Itae tai'a^uretl iiimI whailatml, 

pie ion (leoHlty in tlie gas is «*uleulated from tlir Snlai rijtiHiii.n eiiijiliiylag Itw 
known enthalpy from Hh<K*k «{«*«! mettsuri*ments. Tlw valiirs piottnl lirrr are 
olitained fnnn dntiii eamera »|«*elrtigroiim. 


ealculate the degree of ionization from the measuretl slna-k lelorily, 
I he shock velcKuty giv'es the enthalpy of tlie gii« directly iis ivn* Niiowti 
aliove and then the degree of ionization enn la* ot.tained from ttie Saha 
equation. Tlict'Kperimental line shifts are plotted iiKiiinst this ,*alenh.t,,| 
ion density in Fig. S. A e<irreetion to the euleiiinted iun densifv. shown 
hy the arrows, was made for etailing of the gas during the reMih mg time 
of the drum eanuira sp<*<‘trograph. Tiie theoretieid line shifts iis ohf ann d 
from the Iloltsinurk and Haranger theories an- also stnmn in fti*. .A 
1 he good agreement of Iheseexperimental line shiffs with the lhrore(i< ;d 
values mdiente that eipiilihrium was obtained ver\ tpnekli in I hi i;a .. 

t'onlimmm radiai'ini. is evident m ihr 
speeira of Tig. 4. This eontimmm is due to reeomhim.tarn of pooin, 
ions and edeIrons. Caleulations of the eontimmm mft nstlv t,,r .ippii 
cation to the radiation from ares lues la-eu made Jo rnsuhh .-.s.nli.dh 
amphlymg the elassieal treatment of Kramers. To esf aldish the -.ouree 

ol nwlintuin a series (.fspiietrophohnnetrienieasurriurnts were im,d.- 
on c-'intinuuni and compared with the f hears-oft-nsohl. it use, foim.l 
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that fiir l•ol|fiiiiiiiiii iiitriiHity svm inil.e|H'‘iKlent of wave le:Hgth as ex- 
jifi*triL .'Hid I lint lilt* ttitifirriilHre variation \va,s in good ngiwnierd'; witli 
rie^olil. lit rii^Hltrs theory an unknown (dhH*tiv(.‘. mu^lc^ar <;hargc‘ ap- 
jiear d ond the use of uni! lUB’li'ur <*harg(‘ lit.ied tlie experimental 
ahHoliite intensity fassiiiiung erjuilihriiirn ionization), A report on otir 
sjieiiroseopie ^\ork hiis heen pri'piired find in shortly to l.)e scud; to tlu^ 
Jniiriiai of Applied ldiysi«*H fi»r publiea,.tion®, Tliis work was done by Mr, 
IL {kdsr!4«4* "^Ir. IL idirk, Mr, Ih Rose, Mrs. A, Kan<‘a.nd the author. 


mmm m 

«*« mjkw (MoawNf 


F.l .r.t THI<■ AI. CO NI)UC TIVITY 

(hu- ttf thi* plK’Hoinfim HUswptihk' of easy luonsuK^mciit; in the shock 
tulH- is th»' i lrctrical <‘on.luctivity. Tlic electrical conductivity is iritcr- 
cstiis}* for two reasons. In tlic lirst plai'c it serves as an indication of the 

(dcet.ron or ion ilensity and 
it the electron or ion den¬ 
sity be accepted as equili¬ 
brium values from spec¬ 
troscopic or other studies, 
then the electrical conduc¬ 
tivity can l>e used as a 
measure of the electron 
diffusivity in a liighly ion¬ 
ized gas. 

A schematic drawing of 
tlic apparatus used for the 
mea.surement of electrical 
conductivity is shown in 
Fig. (>. A magnet ic tii'ld is 
created in the shock lube 
by mtnins of a Hat lield 
coil. When a shock wave 
jnisHCs down the tulu^ it. is 
followed by a highly eon- 
ducting gas which dis- 
])laccs some of the lield 
lines. The displactancnt of 
the liidd lines is mcasur<‘d 
bv Ihr \i<l(agc produced l»y the search coil which is directly relatcTl to 
the rnfo Id whii-h lield liiicH cross it. The search coil voltage is reeonhd 



l-ij!, H. Hi hetnntlc tlniwlng cf the Hpimradis 
UM<I for die iiiricnm iiM'iit i*f electric etinUuc- 
lUit> tif die high feiiijH-riitlire giw. 

A iiuiglirtie tielil Is rrriitril hy tlie Held ecil. 
\Mt< u the sImm U vsiue jmsK’s through the lield 
eolt did laid is dlsjduecd. itolue of the lines 
rut fill!! mroHs die Hciircli coil. Hinis* tin* Held 
ilisjildieitiriit dejH iids niNiti tlie eoiidiietivity of 
till IIHIUII}! it eiiit he iiscfl to ineiisim- tlie 
.itndiirlnils, ‘ttie npjtiinitiw is eidlhriited hy 
iiiosiiic >ni (ihtniiiiiuii sluK of known eondue- 
luiU iiml kiiottit velueity dirough the shoek 
tidie. 
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on an oscilloscope and is roughly proportional to the rate of change 
of the conductivity with time. The apparatus is calibrated by dropping 
a slug of aluminum of known conductivity down the shock tube thus 
avoiding any necessity for any detailed knowledge of the field distri¬ 
bution inside the shock tube. The results of our conductivity measure¬ 
ments are presented in Fig. 7. 


Two types of effects dominate the diffusivity of electrons. First there 
are the close coUisions which inhihit the motion of electrons through a 
gas much as ordinary gaseous diffusion is inhibited by collisions. 
Secondly, when a gas is highly ionized the random electric fields greatly 
distort the electron trajectories. At high degrees of ionization (greater 
than 1%) these effects become predominant and the effect of close 
collisions becomes small by comparison. Under these conditions the 
electrical conductivity of the gas approaches a value which is roughly 
independent of the ion density. First order theoretical treatment of the 


electrical conductivity under these conditions has been given by 
Chapman and Cowling ® and more accmate treatments have been given 
by Cowling« and by Spitzer and his co-workers k These treatments 
Jffer in that a divergent integral which appears in these calculations is 
‘ cut off” in various ways. It should be noted that in these treatments 
the conductivity is completely independent of the characteristics of the 
particular gas atoms involved and is determined only by fundamental 
constants. Also no undetermined parameters such as cross sections 
apear m the theory. We have combined the close collision theory with 
that of Spitzer by adding the resistivities due to the two methods by 
which the diffusion of electrons is inhibited. This gives the resistivity 
curve plotted as a solid line in Fig. 7. 

It wiU be noted that the measured conductivities are somewhat 
higher than the theoretical conductivities at the lowest temperatures. 

is IS attributed to the effects of easily ionizable impurities which were 
present to a small extent in these experiments. At intermediate temper- 

ures It wiU be noted that the conductivity is somewhat lower than the 
theoretical line and this is attributed to the fact that the gas did not 
attain fuU equihbrium. This lack of attainment of equilibrium can be 

se°en thaftW osciUograms in which it can be 

seen that the conductivity was steadily rising during the passage of the 

muira^fsee^trb^''^”^^ ^ temperature 

results ^e seen to be in very good agreement with the theoretical 

expectations and this agreement was noticed to begin at the temperature 

when the conductivity stopped rising before the end of the hot gas region 



RADIATION AND IONIZATION PRODUCED BY SHOCK WAYES 93 


At the highest temperature the oscillograms indicated a very rapid rise 
to a conductivity close to the theoretical values followed by a decline in 
conductivity which is attributed to the rapid rate of cooling. Further 
study of the rate of ionization will be needed before a complete descrip¬ 
tion of the ionization process can be given. 



Temperature (1000 “K) 

Fig. 7. Conductivity of the gas following a shock wave vs. temperature, me 
conductivity points shown were obtained using the apparatus diagramme in 
Fig. 0. The lower solid lines show theoretical calculations which were obtained by 
adding the effects of inhibition of electron diffusion by ions to the usual close 
encounter resistivity, employing cross-sections from the work of Normand and 

Townsend. 
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This work has largely been done by Dr. S. C. Lin and Dr. E. L. Resler 
and will be sent for publication to the Journai of Applied Physics shortly^. 


LUMINOUS FRONT PHENOMENA 

The light emission from strong shock waves in argon and in air has 
been studied by the following conventional technique. Employing the 
glass shock tube a thin slit was viewed by a wave speed (rotating drum) 
, camera so that the waves and particle paths are recorded as on an x-t 
diagram (Fig. lb). A photograph of this kind is shown in Fig. 8c Bv 
this technique the luminosity of the gas at all times after passing through 
the shock wave can be studied conveniently. The result which was 
obtained in Fig. 8c for Mach number 10.9 is what would be expected in 
view of the conductivity and spectroscopic results. The luminosity 
builds up rapidly to the maximum value and then gradually declines 
corresponding to the cooling of the gas. 

In Fig. 8b we present quite a different result however. In this figure 
he shock of Mach number 7.7 shows strong luminosity in the shock front 
followed by a less luminous region behind. This photograph shows in 
addition a luminous region following considerably later which has been 
ound to correspond to luminous particles which were released into the 

Tn iTu diaphragm (where a metallic 

shock tube wall was used). The luminosity of the shock, however, is a 

phenonaenon of special interest in view of the fact that it was found 
earlier that the full electronic conductivity takes a finite time to develop 
at these low Mach numbers and that we would expect the luminosity to 
be associated with a high electron density, just as the conductivity is. 

Fig. 8a shows an experiment which is similar to 8b except in that the 

w W if tW r f ^ combustible hydrogen-oxygen mixture 
where in the first case it was pure hydrogen. In this case no luminous 
front IS visible at the shock wave and we do not understand the reason 
for thcRpparent difference between these two results. In Fig. 8a a bright 
r particle paths can be seen. This is presumably a 

shock with M -1.4. It IS interesting that such a weak shock exhibits 
considerable luminosity when moving into an already ionized gas 

It has been noted that a high conductivity is sometimes associated 
wi the luminous front itself. Conductivities far in excess of the equi¬ 
librium expectations have been found. Considerable difficulty has been 
ound m obtaining luminous fronts consistently. Apparently the presence 
of condensable impurities in the gas plays an important role sLce the 
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application of cold traps seems to prevent the occurrence of the luminous 
front. Our present activities in this direction are concerned with experi¬ 
mental effoits to obtain luminous fronts consistently. Most of our work on 
luminous shock fronts has been done by Mr. H. Petschek and Dr. S. C. Lin. 

The observation of these luminous fronts brings to mind several phe¬ 
nomena which may be related. In the first place in the collision of 
interstellar gas clouds it has frequently been noted that sharp luminous 
lines appear. These are especially prominent in photograps of the Crab 
nebula. The gas in this nebula is known to be in violent motion and it 
seems very likely that shock waves would occur. The luminous region in 
this nebula has been suggested by J. H. Oort to be the result of shock 
waves in the nebula. However, it was pointed out that a shock wave 
contains no specially hot region and therefore the high luminosity is not 
to be anticipated. In view of our experimental results perhaps this matter 
should be reconsidered. 

I would like to close this lecture with a speculation regarding a 
possible cause of this high excitation associated with shock waves. The 
high mobility of electrons undoubtedly requires special treatment for 
inclusion in shock wave theory. One would expect for example that the 
electrons would readily diffuse across the shock front and that they 
would readily transport heat which, however, they would not share 
readily with the atoms but would keep to themselves as an “electronic 
temperature”. Thus we would expect that this electronic temperature 
would vary only slowly in the region of the shock front and not rapidly 
as the gas temperature*. We would expect therefore that there could 
be appreciable ionization by electronic collisions ahead of the shock 
wave. Note now that the positive ions formed ahead of the shock wave 
find themselves in a strong wind tending to drag them into the hot gas 
whereas the electrons are much less affected by the gas velocity. Thus 
there is a separation effect which would tend to produce a negative charge 
ahead of the shock wave. If now, electrons are formed by ionization 
processes in a highly negative region they are therefore endowed with 
electrical energy by reason of their formation in this region. Calculations 
of the efficacy of this process show that it can produce an appreciable 
amount of energy but it is not clear at the present moment whether the 
energy production by processes of this kind is sufficient to explain the 
phenomena which have been observed. 

* Denisse and Rocard ’ did not take this large difference between electronic 
and gas temperature into account in their treatment of the excitation of plasma 
oscillations by shock waves. 
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CHAPTER 17 


DISCUSSION ON SHOCK WAVES AND 
RAREFIED GAS DYNAMICS 


Chairman: Prof. G. TEMPLE 

Laporte: The smoothing out of irregularities in shock wave fronts 
is the less pronounced, the higher the number of spatial dimensions: it 
is slower for a spherical shock wave than for a cylindrical wave in two 
dimensions and it would disappear in four-dimensional space. 

Batchelor : Is it possible to give some quantitative information con¬ 
cerning the rate at which irregularities are smoothed out? I had the 
impression that the pictures shown of luminous edges of interstellar 
clouds presented a rather unsmooth appearance. 

Laporte : Quantitative data so far are not available. Shocks show a 
tendency to catch up with one another the faster, the stronger they are, 
hut since cylindrical shocks decay intrinsically something like 1/r and 
spherical shocks like 1/r*, they will deteriorate to sonic disturbances and 
hence will be more and more reluctant to catch up with each other. 

I would further mention the experimental work done by Fowler and 
co-workers at the University of Oklahoma, on shock waves produced by 
the sudden heating of a portion of the gas by means of a heavy condenser 
discharge. In this case the driving gas is hotter than the driven gas. A 
summary of this work can be found in a thesis by W. R. Atkison (cf. 
Technical Report to Office of Naval Research U.S.A., contract number 
Nonr 982 (02); a diagram was shown of the experimental set-up). In 
connection with this it is of interest to observe that Taylor has noted 
that a form of instability may occur when a hot gas drives a cooler gas. 

The concentration of luminosity behind the shock had already been 
noticed by R. Becker for shock waves produced by the detonation of 
explosives. 

Taylor: The instability mentioned by Prof. Laporte occurs when a 
deceleration immediately follows on an acceleration. 

I would ask how Kantrowitz has actually measured the conductivity 
of the gas by means of the search coil ? 
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Kanthowitz: The apparatus has been calibrated by moving an 
aluminum object through the field. 

Taylor: There may be difficulties caused by capacities of the glass 
wall of the tube in that case. 

Thomas : I would like to make a few remarks on some work we have 
been doing along lines similar to that reported by Kantrowitz. First, 
however, I think it is appropriate to emphasize two points which repre¬ 
sent the difference in physical conditions for the work of the astrophy¬ 
sicist and aerodynamicist. 

(1) There is the difference in the energy-level of the undisturbed 
medium in which one works—^for the aerodynamicist the temperature 
of the undisturbed medium is around 300 °K; for the astrophysicist it 
is 10^-10^ °K (only for the H I-regions, in interstellar space, are the 
temperatures comparable). Thus the aerodynamicist requires strong 
shocks of the type reported by Kantrowitz (and to be reported here) to 
get significant radiation and to force him to worry about modifying his 
equations to include a variable y. E.g., M = 10 just takes him near 
5000°, while the astronomer starts from there, and, e.g., M = 2 suffices 
for the same concern with change in ionization, radiation, etc. 

(2) Customarily, the energy transfer in aerodynamic problems is 
mechanical, and the radiation problems are the perturbation. The big 
question in most of these aerodynamic problems is whether the thermo¬ 
dynamic state of the gas is still fixed by the mechanical (aerodynamic) 
flow pattern, with the radiation playing the part of a small energy sink. 
Astronomically, one usually thinks in terms of radiative energy transfer 
—and the mechanical motions now are the perturbation, in the form of 
an additional energy source. Again, one wants to know how much these 
mechanical motions perturb the state of the gas as computed from the 
radiation field alone. One should remark here that there has existed too 
great a tendency in astronomy to consider these astro-aerodynamic 
effects as entering only as a force term, not altering the internal energy; 
i.e. only the effective pressure, and not the temperature, has been con¬ 
sidered to need modification. 

Turning then to the work proper, we have attempted to obtain some 
insight into these astro-aerodynamic problems by experiments in what 
we have called the astroballistic regime—^that where a solid body radiates 
because of high velocity motion through a gas. The application is most 
directly to meteors, and the study proceeds from a joint investigation 
of meteor observations and laboratory experiments on artificial meteors. 
While the present symposium is on the interstellar medium, we have 
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already seen the necessity for a general orientation for both aero- 
dynamicist and astrophysicist into the physical nature of the problems. 
Thus these experiments are in the direction of developing such physical 
intuition. In brief, solid bodies of dimensions of about a centimetre are 
propelled through the air at speeds about 5 km/sec. The actual experi¬ 
ments were done by J. S. Rinehart, W. C. White, W. A. Allen, E. May- 
field and are reported in J. Applied Physics (1952). White and I have 
been trying to interpret them, in conjunction with meteor observations. 
The data thus far (White is trying to extend them) give time-resolved 
(uncalibrated) spectra along the axis of motion. In brief, one obtains no 
more than 1 //sec (^|- cm) continuum at the shock front, followed by 
some 10-20 /^sec of luminosity essentially wholly excited aluminum, the 
intensity of which decays rapidly. Not until ^ 10^ //sec does the oxida¬ 
tion reaction appear. Comparing the luminosity in the excited aluminum 
region to the luminosity of meteors, in a very rough analysis, we con¬ 
cluded that atom-atom inelastic collisions are the responsible agency. 
Our wmrk and that of Kantrowitz is therefore in agreement. We further 
conclude that conditions are very probably non-equilibrium, and we 
should thus be able to investigate the departures from equilibrium 
involved *. Such investigations are of the utmost importance in these 
astronomical investigations, for we do not have methods presently 
existing at all for treating those cases where the region of approach to 
equilibrium is non-trivial in extent. And these are just the circumstances 
likely to be of interest in astronomical application, particularly in the 
interstellar medium problems. I would like to emphasize here that the 
only investigations in this direction presently completed or under way 
lie, on the one hand, in the statistically steady-state investigations of the 
planetary nebulae and solar chromosphere, and on the other hand, in 
these investigations of strong shock phenomena via the artificial meteor 
and the shock-tube studies. 

Aspects oe iiakeeied gas dynamics 

S.A.Schaaf 

University of Calif OTnia, Berkeley 

Since interstellar gases are highly rarefied, it is appropriate to review 
very briefly some of the recent research developments in aerodynamics 
of rarefied gases, and in particular to list some of the more important 

^ The full work will he reported shortly in the Astrophysical Journal. 
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references. This aerodynamic work has for the most part been confined 
to the motion of electrically neutral gas—usually air—past solid bodies. 
Hence, many of the special phenomena of interstellar gas motions are 
not covered. 

The significant parameter for indicating the relative importance of 
rarefaction effects is the Knudsen number, K, the ratio of molecular mean 
free path A to a dimension I characteristic of the flow field (this dimen¬ 
sion I may be a boundary layer thickness at high Reynolds number or 
the body diameter at low Reynolds number). Tsien^ has characterized 
the various regions of flow as: continuum flow, K < 0.01; slip flow, 

0.01 < Z < 0.1; transition flow, 0.1 < Z < 10.0; free molecule flow,’ 
Z> 10.0. 

The free molecule flow regime has been extensively investigated 
recently, both experimentally and theoretically. Momentum and energy 
transfer characteristics for a large variety of body shapes and speeds are 
now available^ Similar results in the slip flow range are neither so 
extensive nor so elegant. The essential reason for this is that the corres¬ 
ponding values of Z, which is related to the Mach and Reynolds number 
by Z ~ Ml Re, are necessarily associated with either high M or small Re 
or both. Slip flow rarefaction effects thus occur simultaneously with 
extreme compressibility effects (high M) or strong viscous effects (low 
Re) or both. Fimther complications occur associated with, (1) the lack 
of knowledge of molecule-surface interactions and a consequent in¬ 
complete formulation of boundary conditions, and (2) the breakdown 
of the simple Navier-Stokes relations for the dependence of viscous 
stresses and heat flux on velocity and temperature gradients. These 
items are discussed, and some partial results are obtained “-3i. It is 
appropriate to emphasize, however, the fact that rarefied flows are 
usually also very viscous flows. 

The research program in rarefied gas dynamics which has been in 
progress at Berkeley is summarized Some aspects of this work which 

are particularly pertinent are: 

( 1 ) Shock wave thickness: Surveys of the distribution of temperature 
and velocity inside the shock zone have been made. It appears that the 
zone is approximately five upstream mean free paths thick for shocks 
stronger than M ~ 2 . Available theoretical analyses * 2 - 30 ^ g^j.g jj^ogtly 
inapplicable for all but the \yeakest shocks, since the Navier-Stokes 
relations break down. A publication on this work is forthcoming. 

(2) Equilibrium temperatures: Measurements of equilibrium temper¬ 
atures indicate a marked increase in temperature with increasing rare- 
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faction. The equilibrium temperature becomes higher than the adiabatic 
Stagnation temperature. This phenomenon starts in the slip flow range 
and continues in the free molecule flow range 2’®. 

(3) Afterglow and discharge : A technique for visualizing wind tunnel 
flow configurations has been developed in which the air (or Ng) has an 
electrical discharge passed through it exciting an afterglow state. This 
provides a luminous stream, so that shock waves, wakes, boundary- 
layers, etc., are directly visible 37-39_ Since the ionization level can be 
controlled the possibility exists to perform wind tunnel experiments 
involving magneto-hydrodynamic phenomena at supersonic velocities. 
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Gold : I should like to discuss, in connection -with the subject of shock 
waves, some of the magnetic disturbances on the earth that are caused 
by solar outbursts. The initial magnetic disturbance at a “Sudden 
Commencement” of a magnetic storm can be accounted for very roughly 
by an increase of pressure of the tenuous gas around the earth. This 
increase of pressure may perhaps be described as the effect of a wave 
sent out by the sun through the tenuous medium between sun and 
earth. In the complete absence of any such medium this description 
would then correspond to that of a stream of particles, while in the 
presence of a medium the correct description may lie anywhere between 
an acoustic wave, a supersonic shock wave or an unimpeded corpuscular 
stream. 

It is known that some “SuddenCommencements” on theearth occur 
about 24 hours after the outburst has occurred on the sun. Thus we 
know the velocity of the phenomenon which propagates itself, and this 
velocity is of the order of twenty times or more the velocity of sound in 
the medium. Although we have a travel time of 24 hours or more, the 
initial increase in the magnetic force may reach a maximum in as little 
as two minutes. If this were to be attributed to a stream of particles 
which is unimpeded until it reaches the neighbourhood of the earth, 
then it would be necessary for this stream to have a quite unreasonably 
small velocity dispersion. Even the purely thermal velocity dispersion 
would cause a time of build-up of more than one half hour, and in 
addition it is hard to suppose the accelerating mechanism at the sun to 
impart such high and yet precisely identical velocities to each particle. 
A much more reasonable interpretation of the phenomenon would be 
the arrival of a hig hly supersonic shock wave with the characteristic 
sharp wave front. The effects of the thermal and other velocity disper¬ 
sions would then be kept in check during the entire travel by the tenuous 
medium through which this wave or stream is propagating. 

The observations of magnetic storms may hence give us a fairly direct 
proof of the existence of shock waves in the interplanetary medium. 
The properties of shock waves mentioned by Kantrowitz show that 
even if the original outburst possessed no very sharp beginning, a sharp 
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front would be built up during the propagation through space. I know 
of no other theory that can reasonably give the extreme suddenness of 
this phenomenon. 

Liepmann: I would ask whether the picture of a shock wave really 
is applicable. The mean free path in the residual gas between the sun 
and the earth appears to be 4 or 5 times the solar radius (as was stated 
by Schatzman); the thickness of the transition region in a shock wave 
front is of the order of say 4 free paths, which would make bet ween 15 
and 20 times the solar radius. Now the distance from the sun to tlie 
earth is 23.000 times the radius of the earth, which is about 200 times 
the sun s radius. If the phenomenon needs 24 hours to move through 
this distance, it would need about one or two hours before the transition 
region will have passed over us. Hence we would not explain the sharp 
front about which Gold has spoken on the basis of these figures alone. 
In order to get agreement with Gold’s values the mean free path would 
have to be considerably shorter, i.e. by a ratio of about 100 or else the 
mechanism of interaction of the wave with the field of the earth has to 
explain the very sudden rise observed. 


Gold: In considering the interaction between the stream and the 
residual gas one must not restrict oneself to the collision cross section 
of neutral particles, but one has to consider the much stronger electro¬ 
magnetic interactions that may occur between the two ionised gases. 

Menzel : The magnetic field of the earth will act as a kind of ‘ ‘bumper” 
with w^ch the wave coming from the sun would collide, at a distance 
of roughly 5 times the radius of the earth. 

Biermann; There is an important difference between the wave 
picture and the phenomena which accompany a magnetic storm (cf. the 
last remark by Gold). The atomic matter in the space between the sun 

mod ^ ^ density, and the quantity of matter 

produced in a single outburst of the sun will often be large compared 

the quantity of matter present. The relations valid for shock Lves 
!b J M f ^ tn therefore with due regard to this state of affairs It 
should further be remarked that magnetic storms of the streiv^tli as 
observed on the earth will be able to drive away ionized cometary im>lt 

exiles and possibly even small dust particles. ^ 

arf that Shock Waves 

e only mechanism which can produce sharp edves A i « + • ^ 

in the earth’s atmosphere are certainlv norSrt n i 
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C'owi.isi;: Aumnil I’urms like* “curtains” arc probably due to electri- 
cn! discharur's in the <-art h's tipper atmosphere. .Stieh discharges can occur* 
I lien- iteemiNe of t!ie eoudiietiviiy which tliey prodtiee, even though a 
simihir pltcuouiciioti caniiol ttecur in t!u; interstellar gas. 



CHAPTER 18 


RADIATIVE AND COLLISIONAL EXCITATION 

BY 

R. MINKOWSKI 
Pasadena, Calif. 


In ordinary gaseous nebulae, ultraviolet radiation from a hot star 
excites the emission of the gas. Electrons detached by photoelectric 
ionization excite by collision ions of heavy atoms to metastable levels; 
transitions to lower levels result in the emission of characteristic for¬ 
bidden lines. The recombination of protons and electrons produces the 
Balmer lines. In the absence of ultraviolet radiation, dissipation of me¬ 
chanical energy may heat the gas and will lead to the excitation of 
emission lines if the electron temperature becomes high enough. It should 
be noted that the forbidden lines are always exeited by eollisions and that 
consequently the relative intensities of the forbidden lines cannot furnish 
any criterion which permits to decide between the two excitation 
mechanisms. 


The intensities of the Balmer lines relative to the forbidden lines 
depend on the type of excitation, but the interpretation requires 
knowledge of the state of ionization and of the chemical abundances. 

e Balmer decrement also depends on the exeitation. For instance, 
while m a nebula transparent to the Lyman oc line optical excitation 
leads to emission of the hydrogen lines only due to the cascading to 
ower levels after recombination, collisional excitation of hydroo'cn 
populates in addition the lower levels directly from the ground state. 

u similar conditions can arise with certain types of optical excitation. 
A cleareut decision between radiative and collisional excitation will 
rarely be possible. In most cases, the diseussion will lead to the question 
w ic ype o excitation requires the most plausible assumptions re¬ 
garding density, temperature, ionization and chemical abundances. 

The recent investigation of the collisional excitation of hydrogen by 

whether coh 

WPMto ^ f» a>e emission in nebulae wWcli 

apparently have no stellar source of excitation. 
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The best known example of such an object is the Cygnus loop. Oort®’ 
has suggested that this nebulosity represents an expanding supernova 
shell slowed down by interaction with the interstellar medium and that 
the radiation of the shell is caused by collisional excitation. Recently, 
Chamberlain ^ has tried to decide whether radiative or collisional exci¬ 
tation prevails on the basis of measurements of the surface brightness of 
the nebulosity in Ha, the [0 III] lines 4959/5007 and the [0 II] lines 
X 3726/29. He found that any of the following assumptions represent 
these observations with sufficient accuracy: 

Collisional excitation: 

(a) nebula optically thick in the Lyman lines with = 20000° 

(b) „ „ thin „ „ „ „ with 1\ = 10000° 

Radiative excitation: 

transparent nebula excited by a star 

with black body spectrum with 10000°-20000°. 

All three solutions seem acceptable and no decision seems possible. 

Actually some of the data used in Chamberlain’s discussion need re¬ 
vision. The best value of the radial velocity of expansion of the Cygnus 
loop, derived from a new discussion of Humason’s unpublished data, is 
45 km/sec; the usually quoted value of 75 km/sec is the maximum, 
possible value. The corresponding distance, obtained by combining the 
velocity of expansion with the proper motion at the edge of the nebu¬ 
losity as determined by Hubble, is 300 parsec. The emission per unit of 
volume thus becomes larger than the value derived by Chamberlain 
using a distance of 500 parsec. In addition, the diameters of the fila¬ 
ments were estimated too large; the sharpest filaments actually are 
unresolved even on photographs with the 100-inch telescope. An accurate 
determination of the volume emissivity seems impossible; the true 
volume emissivity may well be more than 100 times larger than the value 
adopted by Chamberlain. However, it does not seem likely that a repe¬ 
tition of his analysis with improved data could lead to a clearcut decision 
between radiative and collisional excitation. 

A much better way of approach was opened when it was found that 
certain spectrograms obtained by Humason could be calibrated with the 
aid of step exposures of planetary nebulae obtained by K. Seyfert, using 
the same spectrograph and the same photographic emulsion. It was thus 
possible to determine true relative line intensities for the Cygnus loop. 
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The mean values from 8 spectrograms of different filaments are given 
in Table 1. 


TABLE 1 

Relative Intensities in the Cygnus Loop 


Wave length S727 3869 3967 4363 4059 5()()7 

Identification [Oil] [Nelll] [Nelll] + Hs US Hy [O III] 11^ [O III] [OITI] 

Intensity 100 9.5 6 3 5 5' 10 15 38 


Since the value 1.89 of the ratio I (3727)//(4959 + 5007) found here 
agrees very well with Chamberlain’s value 2.00, it seems permissible to 
combine Chamberlain’s measure of Ha with the values in Table 1 for a 
discussion of the Balmer decrement. The measured value for Ha, how¬ 
ever, is only an upper limit since it may contain a contribution from the 
[NII] lines A 6548/84. * 

For a comparison of the observed decrement in Table 2 with values 


TABLE 2 

The Balmee Deckement 


Line 


Observed 


Radiative exc. 
40000° 160000° 


Ha 

Hi? 

Hy 

m 


<1.86 

1.86 

2.24 

3.03 

1.00 

1.00 

1.00 

1.00 

.5 

.55 

.52 

.44 

.3 

.34 

.31 

.24 


Collisional exc. 
40000° 160000° 


2.94 

1.00 

.49 

.25 


T types of excitation, the electron temperature 

i. must be known. T, may be determined from the intensity ratin' 

The value lo.e rafc Tn tte 

Lb^e “r'K Mor’v'"'* “ planetary 

stronrvon the v 1 temperatures T, depends very 

morefban some MnA f 1 is not possible to deduct 

Tv r S assumed that the inten- 

is ess an 13, is found to be higher than 80000 °K, on the 

Observations made after the meeting show that the riv tti t • 

present, with local intensity fluctuations Ctr, fh^ ™ ™ mdeed 

20o/„ of the intensity The BaWr hT' they contribute perhaps 

the data in Table 2 indhlte. than 
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basis of the collision cross sections computed by Seaton The value 
10.6 would give 200000 °K for Somewhat lower values are obtained 
if the electron density is much higher than 10^ cm"^. Actually, values 
of A'g between 3 X 10'^ and 5 x 10^ are found within the wide range 

of conditions admitted by the uncertainty concerning the true value of 
the volume emissivity, the value of and the type of excitation. Since 
at high temperatures the Balmer decrement does not depend strongly 
on the temperature, a precise value of fortunately is not needed. 

The observed Balmer decrement is given in Table 2, together with the 
theoretical values for radiative excitation (case A2 of Menzel and Baker^) 
and for collisional excitation in a nebula transparent in the Lyman lines 
for electron temperatures of 40000^ and 160000 °K. These types of excita¬ 
tion give the lowest Balmer decrement for radiative and collisional 
excitation, respectively. Other types need therefore not to be considered. 

The observed decrement clearly rules out the possibility of collisional 
excitation. The observed decrement seems to be even lower than the 
lowest of all theoretical decrements which occurs for case A2 at 40000°, 
but the discordance is not serious in view of the low accuracy of the 
observed intensities. 

At first sight, the necessity to assume radiative excitation seems to 
present a serious difficulty since no suitable high-temperature star has 
been found near the center of the nebulosity. It may well be that this 
fact has been overemphasized. The possibility that the exciting star is 
the companion of a star of lower temperature and cannot be found for 
this reason seems to have been entirely forgotten. It is, for instance, 
practically impossible to prove that the 7th magnitude star of type B7 near 
the center of the nebula does not have a somewhat fainter companion 
of. very much higher temperature. Such an assumption is not entirely 
artificial. Conditions of this kind are found in planetary nebulae, such as 
NGC 1514 and NGC 2346 with apparent central stars of spectral types 
AO and A5 respectively. These stars cannot provide the excitation, and 
the assumption that the excitation is provided by hot companions is 
virtually unavoidable. The fact that a double star may exist in the center 
of a planetary nebula is demonstrated in NGC 246; in this case the hot 
star is brighter than the second component which is a G-type star, 
possibly a subdwarf. 

A second example of an object where collisional excitation may be 
expected is the radio source in Cassiopeia No suitable exciting star is 
visible, but the occurrence of random velocities of thousands of kilo¬ 
meters suggests strongly that dissipation of mechanical energy may 
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provide the excitation. The nebulosity consists of two different kinds 
of small filaments: sharp filaments with relatively small radial velocities 
and more diffuse filaments with high radial velocities and large proper 
motions. The sharp filaments show only Ha and the [N II] lines. A steep 
Balmer decrement, indicated by the fact that cannot be observed, 
is consistent with collisional excitation. The diffuse filaments show a 
spectrum in which the lines of [O I] and the green lines of [O III] are 
equally strong. The [O II] lines are faint, and Ha is too faint to be 
observed. The quantitative interpretation of the spectrum meets a 
peculiar difficulty. Large changes of the diffuse filaments have been 
found by Baade after an interval of only two years. Unless the electron 
density is much higher than 10^ cm“^, the ionization cannot follow the 
rapid changes of density and must depend on the previous history of the 
filaments. This makes a definite interpretation of the spectrum virtually 
impossible. The observed spectrum can be interpreted ^ as due to col¬ 
lisional excitation with — 10000° or radiative excitation with = 
15000° at an electron density of 10^ cm~®. In this case, collisional excita¬ 
tion is inherently more probable in view of the violent internal motions 
in this unusual object. But, even under such extreme conditions the 
spectrum does not reveal unambiguously the nature of the excitation. 
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CHAPTER 19 


DISCUSSION ON LUMINOUS EDGES AND 
COLLISIONAL EXCITATION 


Chairman: Prof. G. TEMPLE 


Van be Hulst : Photographs of the luminous edges seen in diffuse 
nebulosities show a peculiar morphological feature. The dark clouds 
seem to be compressed to roundish shapes (droplets) or longish shapes 
•(elephant’s trunks), the borders of which are luminous towards the sides 
of the illuminating stars. Superficially, it seems as if these clouds have 
a kind of surface tension. A number of fine examples are found in M 16. 

I should like to make a suggestion how these 
forms may originate. 

Suppose an 0 star is born in a cloud complex 
with moderate butnotexcessivedensityfluc- 
tuations. The initial ionized region then has 
an irregular outline with somewhere a bulge 
(B'ig. lA). The pressure difference that is set 
up because the ionized region is hot and the 
unionized region is cool will make gas flow 
into the bulge. The density becomes higher in 
the bulge and lower in front of it. As a con¬ 
sequence the ionization is readjusted, giving 
a small ionized region in the denser gas. This may abeady be seen as a 
luminous edge. The tendency towards pressure equalization in the 
neutral and ionized gas will make more and more gas flow into the 
cold and dense bulge. The final situation may resemble Fig. IB, in which 
we see a dark “elephant’s trunk” with a marked luminous edge at the 
end that is directly illuminated by the star. Also the sides may be lumin¬ 
ous because of ionizing radiation from the nebula. 

-These suggestions ignore entirely the more violent effect of a general 
expansion that is caused by the same tendency towards pressure equal¬ 
ization (See the discussion by Oort and others in Chs. 27-30). It is never- 


(A) 


(B) 



\V(- 


Temp, high high low 
density low high high 
prl^sure low high low 

Fig. 1. Suggested develop¬ 
ment of elephant trunk. 



112 


DISCUSSION ON LUMINOUS EDGES 


tlieless possible that the peculiar forms may be formed in the way 
described during the expansion. 

Oort: It is necessary to make a distinction between the luminous 
edges that may be bright borders of a dark cloud at the edge of a hot 
region and the thin wisps (of the Cygnus loop) that seem to be isolated 
in space. The stability of the latter wisps is still a problem to me. If 
Minkowski is satisfied that they may be excited by radiation, another 
question is still open: how are they kept together ? Certainly, in the case 
of the Cygnus loop they have existed for a long time. The collisional 
mechanism in which an expanding shell pushes against an interstellar 
cloud gives a plausible explanation. A related question is whether the 
loops have been decelerated. Have they perhaps been expelled with a 
velocity of a few 1000 km/sec ? 

Savedoee : How does one obtain the spectra of luminous edges ? 

Minkowski: With high-aperture spectrographs and preferably not 
too big telescopes because the objects are fairly large. 

Van de Hulst: In one spectrum of the Cygnus loop taken at 
McDonald I found a very strong change of the ratio of Hy to 4363 along 
the length of the slit. How should this be explained ? 

Minkowski : This may be due to a local variation in electron temper¬ 
ature. Perhaps there is a hot spot. 

Liepmann: Is it certain that the physical condition of the Cygnus 
wisps is stationary ? 

Minkowski : Yes, the relaxation times are of the order of a few years, 
while the loop has been observed for more than 60 years. 

Zanstra: The ratio of Balmer continuum to H/3 gives a fairly re¬ 
liable determination of the electron temperature for a number of plane¬ 
tary nebulae, though it should be used with some caution. I tried it out 
for Menzel and Aller’s data (Ap. J. 93, 195, 1941), excluding NGC 7027, 
and got about 20,000° on the average, and I think a similar value might 
follow from Page’s observations of Ba,/H(3 (Ap. J. 96, 78, 1942). At the 
time this value seemed too high on account of the determinations from 
the ratio A4363/(Ni + Ng), but they have recently gone up to about 
20 ,000° average, so that it might be worth considering, as no doubt many 
are aware of. Can it be applied to the Cygnus loop ? 

Minkowski : Unfortunately, the continuous spectrum is too weak. 

Eantrowitz: Coming back to the laboratory work, I should like to 
make two remarks, (a) The excitation by collision in shock waves is 
apparently quite different from collisional excitation processes which 
have previously been studied, (b) We found that a luminous contact 
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y.cttM* hftucfn hot aryon and cold hydrogen gas emits Ha. Can this be 
cxjdnincd ? 

Minkowski: rnfortunatcly the excitation cross-sections between 
neutral atmus are very [loorly known. 

Uovi.k; 'I'ao <iucslions: is the total mass of the Cygnus loop known 
ami ha\e Lyman n <inanta been taken into aceonnt? 

Oou'i': 'I'lie total mass may he about, one tenth of that of tlx' sun. 

Zans'I u A; h'or a gusiams nebula the solution except for the j)()|)ulation 
of level '2 is invariant under the inclusion or cxidusion of the Lyman line 
emission lyv the gas itself, prtivhling it is ojiacpie at this frecpienc.y. For 
a neliuhi excited by stars of high tcmjicraturc this is a well-known 
solution (ease H of Menzel and Haker). The sanu' invariance should hold 
for ChnmlK>rluin's treatment for collision excitation. (Indeed in his 
publication Ap. J. 117. 8K7 (lit58) Chamberlain in Tables 8 and 1 gives 
tlu- vidues of/i„ and tlu- Bahncr decrement for various electron temper¬ 
atures in a nebula, optu-ally thick in Lyman line radiation, which are 
indepemient of the optical thickness). 

There followed a confused di.seussion betw'ecn Thomas, Seaton, 
Zanstka and others on the differences in tlic computations of eollisional 
excitation. 

Heaton: The [taint I originally made was this: When protons and 
electrons arc* overwhelmingly more ahinulant than hydrogen atoms, 
recombiniition t«» excited stat<*s will lie nmch more important than 
<-o!lisionnl excitation. In the couehc of the diseus-simi Oort replied that 
the railiative capture cross sections will he many orders of magnitude 
smaller than the cross sections for eollisional excitation. Provided that 
the electron tempcrnttirc is sullicicntly high it is therefore <pute possible 
that colliHicinnL'Xcitathtn may Ik* important. I am incom[)lcteagreement 
with Oort's re[)ly. 

'I’iioma-h: It s<*cms t<t me that the situation is being made inueh too 
eoni[»Iex. This [trohlcin is a straightforward one, and the situation 
int*luding collisiouH has been treate<l by (liovanelli and myselt, as well as 
Chiunherlain, in various contexts, 1 do not believe the precise cross- 
He«*ti«ms us<*<l «'an introduce the discrepancy mmtionc<l by Heaton, as 
suggested by Minkowski I think it is simply the ease that one writes 
down the eiintdionH and solves them, hut cannot estimate energy-level 
populations from r<‘ComhiiiHti<m eoellleients alone, as Seaton is a[>- 
[wrcntly <loing. I tend to agree with Heaton in that I had not imagined 
(•ollision j»roeesses to Ik* jiarticularly relevant in this jilanetary nebulae 
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problem {N^ ^ 10\ ^ 10^), but the point should come out directly 

from the solution which Chamberlain has made. 

I do not understand how 2lanstra can make the statement that the 
solution is invariant under the inclusion or exclusion of the Lyman 
emission by the gas itself, providing it is opaque at this frequency. There 
must be a difference in the solution according or not as one includes the 
self-emission from the nebula, and whether this occurs in significant 
amount, i.e. whether or not the opacity is high. Certainly in the chromo¬ 
sphere case, which we have investigated in some detail, the population 
of the Balmer ground state depends by several orders of magnitude 
upon the inclusion of this Lyman region. 

In regard to the existence of an electron temperature defined by a 
Maxwellian distribution for the electrons, one can show the electron 
temperature to exist and equal the atom kinetic temperature (to a very 
high degree of approximation) in the steady-state-case. In the region of 
a strong shock-wave, one can obtain a difference between electron and 
atom kinetic temperature, and presumably some non-trivial departure 
from a Maxwellian function. 

Postscriptum by Zanstra : I think that the confusion between Thomas 
and myself arose largely from the fact that he has been working on the 
chromosphere, where physical conditions are quite different from those 
prevailing in gaseous nebulae. The reason is the extreme dilution of the 
radiation in a nebula, excited by a star, or the scarcity of collisions in 
Chamberlain’s pure collision excitation of a nebula. In a planetary 
nebula a hydrogen atom remains unionized for several years. During 
this time it often happens that it is excited by Lyman line radiation, 
but the total time during which it is excited is small compared with its 
life in the ground state. It is true that the Lyman a radiation is 
bottled up, but yet it can escape sufficiently, the more since the 
scattering is non-coherent with complete re-distribution due to thermal 
Doppler effect, and it escapes in the line wings. It may be true that the 
solution changes if the L a optical depth would become enormous, so 
that there Thomas would be formally right, but under actual conditions 
in a nebula the L a optical depth, though large, is still small enough for 
this escape, and the approximation is a very good one. 
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THE COLLISION OF TWO HIGHLY IONIZED CLOUDS 

BY 

F. D. ItAHN 
Manchester 

TIktc has Ix't'n some talk at this colloquium about the effect of long 
mc‘a .11 frt'c paths in a collision between two rarefied ionized clouds. It 
was assunu'd that a particle having kinetic energy V and charge s will 
continue oti its path without sensible deviation until it passes by another 
chargtal partit'h^ witliin a distance of the order s^JV, or less. This as¬ 
sumption leads to tlicorctical mean free paths of enormous length; for 
a stream of corpuscles expelled from the sun it exceeds an astronomical 
unit (of. the discussion in Ch. 17). It is hard to understand the be¬ 
haviour of such a stream on this basis. 

To take some definite values, consider a collision between two clouds, 
each containing 10^ protons and 10““ electrons per cm®, which are moving 
with spc'cds of 10® cm/sec in opposite directions. The thermal energy of 
the particles is taken to be much smaller than their kinetic energy. With 
th(' above assumptions the electrons of one cloud can penetrate a 
distance' 3.10'® cm into the other cloud. For the protons the distance is 
10“*’ cm. 

But this sittuition is unstable. For suppose that the two clouds are 
counter-streaming in this manner. Then one may show, by a theory 
similar to that used for travelling wave tubes \ that any small longi¬ 
tudinal oscillation among the electrons in the streams can be amplified 
iiuhfinilcly, provided its wave-number is sudicicntly small. The critical 
value is 

, ___ (SnNe^VI. 

K > 

whcr(( numluT of electrons per cm®, in each stream, 

I' spccul of (uudi stream, 

VI ch'ctronic mass. 

In I he t)r(‘scnt. cxami>lc /i'„ = 0.007 cm“’^. 
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Since it is unlikely that the streams are absolutely uniform there will 
always be a series of small oscillations present, ready to be amplified. 
The relative energy of the electrons is therefore fed into plasma oscil¬ 
lations within a distance of the order of 10^ cm, and their mean motion 
is stopped. 

At first the protons continue their counter-streaming undisturbed 
but after a distance of the order of 10® cm interactions between them and 
the stationary electrons become important and oscillations are again 
amplified. The proton streams are therefore also brought to rest. The 
whole energy of the counter-streaming is therefore fed into space charge 
oscillations long before the individual particles of opposite streams have 
any effect on one another. 

Such collisions may occur in sources of radio noise, like the one in 
Cassiopeia, where violent motions of ionized gases have been observed. 
The excitation of space charge oscillations probably has some bearing 
on the noise generation, for it is now known that purely thermal effects 
are not powerful enough. 

It is hoped that a more detailed discussion will soon be published 
elsewhere. 


REFERENCES 
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Discussion 

Taylor: Is there a similarity solution of the equations developed by 
Kahn? 

Hayes: There is no such solution. Since the approach velocity and 
ion densities at infinity are constant, the similarity expansion must be 
one in f = oojt. With this behaviour the acceleration of any ion species 
must vary as 1/t The same applies to the field strength, so that 

= (1/0 -fiiS)- However, the relation between field and charge (Gauss’ 
or Poisson’s law) is such that the accumulated charge or field strength 
must vary as t, hence that E = t These two forms of behaviour 

for E are inconsistent unless E = 0, which would give only the trivial 
unperturbed solution. 
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(S. K. BATCHKLOH 
('atf^rriiige, Knfiland 


III n <lisiMissiun iM-forc tlw Syiii[»<)siuni, aiul I urraiiffwl that 

he wuulfi liilk mainly uhnut sjK'cific t'ffecfs <if coiiiprcssihility and I 
would confine my utfentinn to j)n)hlcin.s invnlviufj the presence of a 
mnKHcfir flrltl. 

Mufincfo-hytlrodymiinicK Is too lurjttc a subject for a survey to be 
attcnijited today, and in any case iiiueli has been writteii since tlie Paris 
meeting. I propose to mention briefly three different, problems, in which 
turbulent kinetic em-rgy and magnetic energy play important parts. 

(a) Firstly I shoultl like to remind people that the determination of 
the asytiiptotie level of inngnetie energy in a medium of high con- 
iluetivity which is in statistically steady homogeneous turbulent motion, 
is still an uiwidvial problem - or, at any rate, is still a disputed problem 
ami it would Is- useful to bear of any recent developments. The 
suggesti<lit mad*' by Biermann ami SehUiter, Fermi, ami Alfvf'U, is that 
the magnetic energy will increase until it is comparahlc with the kinetic, 
energy (per nnit mass of the meilinni), and 1 shall leave it to these people 
to restate their arguments during the discussions. My own view is that 
only the energy of relative motion of ncighhouring pnrtiele.s (so dose 
together llmt the lines of U are straight) is available for eipiipartition 
with the magnetic fh'ld, and we know from Kolmogoroff’s theory of 
small senh- similarity that this amount of energy is of order (v k)^ P'‘>' 
unit mass (r kiiawatie viscosity, f ■ rate of dissipation of kinetic 
energy {»er unit mass: / i'’(«*)*'•/!). The ratio of the two estimates is 






(Rc)’^' 
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(/ ; It‘n},Hh sciilf of tiirlnilfiuT, ii* rnriui M|unrr lurhuirn! m 

which may Ik* ([luti* larji**. 

(l>) Scntially, I have ayrml to rcjairt on h jaijt. r l.\ i li.n.ih t 

sckharuml l*'<Tmi (Astrophys, .foiirn, 118. }>. IKl, I'.KVli, mSih lan«- Im. u 
unnl)l<‘ to come to t!ic SymjHtoinm in jM-rMin. T!ii»t paiH r 4> ( in.i 

in(lcp(‘n(Icnt incthodM of fstimiitiiiK tile miiunrtic in !tn ■.innii arn) 

<*(>ntuiuin}j tlu* solar systean, uial nirtluHis hav e jmssiitli- apphcdiaa) 
to other prohlcms. The first metluKl makes tise of the inference iMlm ii 
may iisdf he ijiiestioned), from tfie olwrrveil jailnri/iition of the !i|»ht 
from distant stars, that the mugiietie held in the spiral arm is npiiroM- 
matcly parallel to it, with a mean itn{{iilttr d«*vi»ilion of «i 0,’i rinftuiis, 
The ohserverl random variations in iiireetimi are rejinrjfed as Untitf due 
to the turbulent motion within the Kpiriil arm ilrausjiii}* the tiianiirtie 
IiiU‘s of force to and fro. The lines of it net as strrfehril rhisf ie strings, 
and the angular deviation of the line is determinei! by the ralm »»f the 
imposed lateral veloeity due to tlie turhidrner («,, siiy) to the phase 
velocity of waves travelling along the lines, i.e,: 

f, 00. .. . “• 4.V-***, 

veloeity of miigiiett>-hyda«lyii«mle waves H • 

Then from the data assnmeil Uy tfje authors (»i IK'i, p 2 . in »* 
gm/cm®, ttf 5 X 10® em/s»T) // is foittid ti* tr 73 y 10 • gauss. 

The smmd method asHumes that the sj»irnl arnt is in mpdlihriiim, wi 
far as lateral motion is eoneerned, so that the kiiietie and magnrtii* 
pressures together are halaneed hy the gravitationa! tension. The mag¬ 
netic pressure is //“/K .t, the kinetie pressure is of ordiT g ii*. w here n 
is the r.m.s. partielc vehadty <»r turhiilent velirity whiehrvrr is the 
greater, and with the assumption of a eylitidrieal spiral arm of radius 
It the gravitational tensioti is itG (»* ft*. The hidiiiuT of forres Ih* 'H gtves 
a value of // of order tJ x 10 * gauss. 

The close numerienl agreement la-tween these estiumtes is jarhaps 
fortuitous, hut the methods of estimation are interesting, 

(c) My third remark eoneenis a pnihlem which may }i!ay a part m tie 
understanding of interstellar gas ehmds. viz. what happens ««• Ih.- !m 
hulent kinetie and magnetic energies when the medium is espondet .<i 
eontraeted? In its general form this problem is very dijliudl. but il 
becomes traetablc in the ease of certain simple kimls of disim tt.m. 'rt 4 « 
simplest case is that in which the medium in fiirhulenl mi.b.m, imd hp)( 
a given magnetie field, is subjected to a very rnpal imif..rm iM.trM|nc 
strain. K the tinu; scale of the straining motion is small rnorndt. all 
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regions of the fluid will undergo the same strain, and the lines of vorticity 
and magnetic force will follow the fluid in its motion. Since the strain 
is isotropic, distributions of vorticity and of magnetic force are un¬ 
changed (when referred to strained axes) so far as direction is concerned, 
but their magnitudes everywhere change by a factor (where e is the 
extension ratio of the strain) in order to preserve the fluxes. Hence the 
velocity u is proportional by to whereas H co <2-2^ have the 

following results: 

kinetic energy per unit volume = ^ q co 
magnetic „ ,, „ „ = ^ 

It follows that a rapid expansion of the meduim will have the effect 
of diminishing both kinds of energy, and will diminish kinetic energy 
more rapidly than magnetic energy. A rapid compression will build up 
both energies, particularly the kinetic energy. These results can also be 
written in the form 

turbulent kinetic pressure co gS/ 3 ^ 
magnetic pressure 00 

the 5/3 appearing for the simple reason that a continuous fluid medium 
has only the three translational degrees of freedom. 

A few other simple cases can be considered. If a flattened rotationally 
symmetrical disk of gas is subjected to a rapid further contraction in the 
direction of the axis of symmetry, it is found that the turbulent kinetic 
pressure opposing the contraction is proportional to although there 
is no corresponding simple result about the magnetic pressure. It is also 
possible to find results for a distortion which is so slow that the turbulent 
motion is in equilibrium with whatever is feeding it with energy (e.g. a 
differential rotation) at each stage of the distortion. 

The implication of these results is that whenever the gas kinetic 
pressure is not dominant (and it will not be if the Mach number of the 
turbulence is of order unity or more), it will be necessary to make use 
of special “equations of state’’ for the turbulent and magnetic pressures. 
These dynamical “equations of state” may be rather complicated and 
will depend on the way in which the change in density of the gas is 
brought about, i.e. on the speed of the change and on the directional 
characteristics of the distortion. 
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Discimsicw 

K. C. Hiu.t.ARi): The jKissibility of «l.V«amo iictiun is itiijMirfinif I’m- 
Kcophyxics as well as astrophysies, Batehelor has shi»w)i Ihal furliuli jit 
motions in a eoiKhietinjj; fluid may pr««luee a inaj»iieti«’ lirhl. Turltiilrnt 
motions provide a relatively ineilieient mrtluMl of pr«Kl»eiii« a field, and 
it is to be expected that there are larye-seide motioiH thiil wdl do iw» 
with smaller velocities than Hatehelor retpiires. 

A detailed investigation has la*en made «»f a veh«*iiy system that weins 
likely to bear sonne resemblanea to that which might oecur in the 
of the earth, where Batchelor’s mis:‘hiutistn will im! work. A piijifr de¬ 
scribing this has been submitted for pubiiention in the I’liil. Trans, of 
the Royal Society^ In detail the results arc of more interest for ter- 
restrial magnetism than for interstellar problems, but there may well 
he circumstances where these ealculiiticms provide a guide to what may 
happen and to possible methods of ealcttlation. The in»»tii»n-i eonsi«len d 
consist of a combination of a ctdlular convection %vith a rotation wbieh 
varies with the radius. 

Phil. Trans. Iloy. Hcs*. A. 247, 218 (1M4). 
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THE EFFECT OF COMPRESSIBILITY ON TURBULENCE 

BY 

M. J. LIGHTHILL 
Manchester 

1. INTRODUCTION 

If any applications of turbulence theory to astrophysics are to be 
made it will be necessary to consider what effect compressibility may 
have on the postulated motions. This paper describes what is known, 
or can reasonably be conjectured, about the influence of compressibility 
on the turbulent motion of fluids, but makes no attempt to apply the 
results to any astrophysical problem. 

The principal fluid-dynamic effect of a finite stiffness in compression 
is that readjustments in pressure distribution are propagated with a 
finite speed instead of instantaneously. Radiated sound results, since 
(crudely speaking) the required readjustment of pressure has changed 
by the time the signal arrives; the difference is radiated as sound. Thus 
the chief influence of compressibility on a phenomenon like turbulence 
will be that it is constantly radiating energy in the form of sound. This 
sound energy must ultimately be converted into heat by the various 
processes of acoustic attenuation, which probably take place nearly 
independently of any scatterings of the sound due to the turbulence. 
Accordingly, compressibility acts as a source of energy dissipation, 
additional to that provided by shear viscosity. 

A detailed quantitative theory of the process, with good experimental 
backing, ® exists only when the root mean square Mach number of 
the turbulence is small compared with 1. For larger values of the root 
mean square Mach number, one can make only tentative conjectures, 
as will be done at the end of this paper (§ 4). According to these con¬ 
jectures, the influence of compressibility becomes dominant for root 
mean square Mach numbers comparable with 1, or greater. 

In the account of the theory (§ 2), the experimental evidence will be 
omitted, for the following reasons- It has been found possible so far to 
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nicnsurf tlx* {U'cmstii- dutpiit (»f turluilnuT only in tin- i .-tM .*(' iV« r ji !*,. 
In tlu'sc (‘XiKTinictits, flic acoustic oiif put was siillicicul f«> iiiato- ii li.ihli' 
iiu‘!isut'(‘ni<‘nt possible only when tin* illicit rHiinbcr o! IIh- strraiu 
from tht* jet oriiicc cxc<’c<ic«l (I.!}. Aurccmcti! Httb fhrnr\ ujo, 
then obtaiinihlc only after the theory hiul been inodilicil to tnho mtn 
account the convection of the furhithmcc at a non ni‘),'lti«i!th- tiinii 
mnnber fhroujj;h th<*atmosphere intti which if rmliiitcs. 'rhfcxpfnun iititl 
“evklciux'cannot h(* apprceiutcil without this luoiiiiicafiun to the llmir\, 
which however there is not tiine to dcserilH* in the present pnpi r. 't*h«‘ 
reader is accordingly referred ton paper by the author * for the detailed 
comparison of theory with experiment. 

» 2. TIIK SOUND OKNKHATKU BY TUtttU'l.KNl'U. WITH SM II.I. 

ROOT MKAN SQIIARK MAr'U NUMJIUK 

Turbulence dtws not generate sound like a siren; the thiefnations of 
pressure at a point, witli their eorrc*«{Kmding iluetiuitions of density, are 
unable to produce an aeoustie souree Held in the iiiMniirr of the puffs of 
steam in that notoriously eflleient instrument. This is Iwenuse in the 
turbulence no new fluid is introduced; heiiw the total sourer strength 
is zero and the effects of the different hyfaithelieid souhts would iienrly 
cancel out at large di.stnnecs. 

Turbulence does not even generate smnui in the somriiluit less 
elllcient manner of, say, a liell; the lliietuatiiig foree with wliieh one 
eddy acts on the rest of the lluld is unable to prodner u dijmir field like 
that produced by the “puffs of monientiim’' given to the air by the 
bell surface. This is beeause no external fowe acts on the furbulent 
fluid; the internal actions and reactions halanee; heiiee the total di}s»!r 
strength is zero, and the effects of different hypothefieal dijwdcH neiirly 
cancel out at large distances. 

Actually, the souixl generated by iurhulenee is an effect of tin- to \t 
order still, and is basically a (pindrupole Held generated by thn timti.ms. 
not of mass (say per unit volume) or momentum twiy p i, per umt 
volume in thci .rj-<lirection, for t 1, 2, 8) but of lh<< mimifiiinm 
which is c>ViV^ per unit volume for flow of .r, -momentmu in the di 
rcction. As a ten-sor it inehules the kinetic energy | p which is Imlf 
its “trace” (.sum of diagonal elements). It ineludes also /,if, m! iiiMmi-nt iiin 
Ilux, i.c. How of momeuitun perpendieular to itself, nml wr shall M-r th-d 
it is this which is responsible for the bulk of the sound grix rijtrd. 

To see mathematically why the sound field <»r lurhuh-nei' «s that of a 
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distribution of quadrupoles of strength q per unit Yoliime, one may 
write the equations of continuity and momentum in the form 

at ^ 8xt at ^ 8x, axi ~^- 

Here a is the velocity of sound; the replacement of pressure gradient by 
times the density gradient, and the neglect of the viscous stresses, can 
be justified by a detailed discussion of the magnitude of the sound field 
of the terms neglected 

Eq. (1) would yield the ordinary equation of sound if the term due to 
momentum flux q were absent. This term, neglected in ordinary 
acoustic theory, generates a sound field in the way that externally 
applied stresses would do. This field is a quadrupole field, essentially 
because a stress field implies equal and opposite forces on each side of a 
fluid element, and a force is acoustically equivalent to a dipole. As an 
alternative argument, eliminating q Vi from equations (1), we have 

= ( 2 ) 

and the double derivative in the “forcing term” on the right shows that 
it represents a quadrupole field of strength q per unit volume. 

The retarded potential solution of (2) is 

where r is the distance of the point from the element of integration 
and the brackets signify the value at the “retarded” time t — rla. At 
large distance from the turbulence (in the “radiation field”) this becomes 

because it is only through the variation of the retarded time with x^ 
that any sound with amplitude falling off like r-^ is present in (3). ^ 

The strong dependence of (4) on frequency is typical of multipole 
radiation. Ordinary dipole radiation is already inefficient at low frequen¬ 
cies, for just this reason—or, physically, because an equal source and 
sink cancel out in their effect at a large distance, except in so far as 
the retarded time for each is slightly different, and the difference of 
strengths at the different retarded times is small if the frequency is low. 
The argument applies twice as effectively for quadrupoles. 

The fact that, by (4), the amplitude of the sound produced varies as 
the square of the turbulent velocities multiplied by the square of their 
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frequency, means that, for a given lengtli schIc / uf tntiHijcni***, it will 
vary as the fourth pow(*r of the riHJt nwan stjuurt* vrlm ity h. a 
typical frcciuency is proportional tt) «//.) Ifi-ticc tiir rndiafni 

should vary as ii*>. 

We can get a sliglitly more precise result as follows. Thr- aroiisfit- 
intensity is times the mean square of tlie luiifditiule ( t). Hiis invoK i s 
the correlation between tlie values of v,Vj) at itiffenut points, 
which will be significant only when the poijits are fnirh eiuse siif 
ficiently so, in fact, for the difference between tlie retaniril times for 
each to be negligible. It follows that the intensity field fn r unit l utumr 
of turbulence can be put into the form 


Q _ 


t € f»h ?*(*'*^*'<1 


m 


where the bar signifies a mean. Since the integral «>ver the dasheti points 
extends only over points sufficiently near to the umiashed point for the 
mean product to be non-negligible, it is roughly proportiomd to an 
average eddy volume, or to P. This shows that the* souml energy rndiiiteil 
per unit volume of turbulence is proportional to QtPlaM, 

Comparing this with the rate of viscous disHipation of f*nergy, which 
is fairly closely qu ^/1, we see that the annistie eflleieney of tnrh'iih*nee is 
proportional to the fifth power of the root jtietiu mimre .\faeh tiumher.* 
The very low efficiency which this implies at low Mneh mnnlwrH is n 
direct consequence of the sensitivity to frequency whieli results from 
the quadrupole character of the field. 

Proudman® has made an approximate caleuiation of the integral in (.11 
from isotropic turbulence theory, ami obtains a uniform .lireetional 

distribution of intensity with a total energy 


JS 3= 4i0 

tiH 

per unit volume. The acoustic efficiency is therefore 

40 


W, 


m 


of <’■> " ''W'" 

dimension^il happen! when a eiilritliitiini ii 

dimensional analysis, one should try to determine tlie j.I.ysieal „ 

taken tTtte ■"•wy in,ml ... 
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for it. (One may remark that the factor of order 40 is almost indis¬ 
pensable in getting agreement with the experimental data 2 .) 

To find this reason, we return to the conservation of mass and mo¬ 
mentum which led to the absence of source and dipole terms, and the 
Tion-conservation of the momentum flux, which is responsible for the 
quadrupole field q not degenerating into mere octupoles. Mathe¬ 
matically, a quantity satisfies a conservation law if its time rate of 
change can be written as a divergence, so that its rate of change in any 
•volume is due solely to inflow across the boundary (note that any 
divergence on the right of equation (2) increases by one the order of the 
multipoles which are present). Now when one tries to express d{QViVj)ldt 
as a divergence one finds that one term is left over, namely 



where p is the local excess pressure and is the rate-of-strain tensor. 
The “trace” of the tensor (8) is small (zero for “incompressible” flow); 
one may conclude that little sound results from fluctuations in the 
Icinetic energy ( \qv? per unit volume). But the rate of change of lateral 
momentum flux contains a term equal to the product of the excess pressure 
and the rate of shear (the other terms, as stated, producing weaker sound 
fields). Hence it is the combination of excess pressure and shear at a 
point, in such a way that their product varies, which constitutes the 
basic source of generation of noise by turbulence. The mechanism by 
which it does so is indicated graphically in Fig. 1. 

The sound generated by turbulence consists, therefore, of an aggregate 
of lateral quadrupole fields of the kind illustrated in Fig. 1. For iso¬ 
tropic turbulence all quadrupole orientations are present in equal pro¬ 
portions, and so the observed field is non-directional. For heavily 
sheared turbulent flow, however, the mean shear gives the quadrupoles 
a predominant orientation, which is observed. 

For isotropic turbulence, the importance of the analysis just sketched 
lies in the fact that the terms like d^{v,Vj)lc)t^ in (5) may be replaced by 
single time-derivatives of the product of pressure and rate of shear. 
In these it is only the rate of shear which is likely to exceed markedly 
its estimate (m/Z) given by dimensional considerations alone. Actually 
for large Reynolds numbers u Ijv, the root mean square rate of shear 
exceeds ujl by a very large factor, of the order of the square root of the 
Reynolds number. However, shears as large as this cannot be important, 
owing to the very small “average eddy volume” (see above, following 
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equation. (5)) which is associated with them. A detailed scrutiny of 
Proudman s calculations shows ® that it is velocity gradients of the 
order of 8u/1{ot, more accurately, whose 

time rate of change is of order Su^/l^) ^ 

which are chiefly responsible for the V J 

sound generated, and that this factor \ \ / A 

8 (which must appear squared in the - 

intensity) explains the factor of order ^ (r\\ / | 

40 which appears in the expression (6) ^ i /'l\^ 

for total energy output. It seems to be r 

an intermediate size of eddy, between / / \ \ 

the main energy-containing eddies and / y \ \ 

those which dissipate the energy, which i 'V. J 

generates most sound. 


3. SOME INFEEENCES FROM THE THEORY 

Having determined that the radia¬ 
tion field of unit volume of isotropic 
turbulence is directionally uniform, 
with total power output E given by 
eq. (6), one may go on to determine the 
pressure fluctuations at any point 
within the turbulent fluid. The pres¬ 
sure fluctuations needed on incompres¬ 
sible flow theory to balance the local 
eddy motions were calculated by Bat¬ 
chelor their mean square is 


Fig. 1 . Basic lateral quadrupolc re¬ 
sulting from combined exeess-p^^^s- 
sure and shear at a point. Shear (a) 
in small time-interval deforms sphe¬ 
rical fluid element (b) into ellipsoid 
(c) with principal axes at 45® to the 
flow.Excess pressure (HIGH) causes 
momentum outwards from it to in¬ 
crease (brokenline arrows). At A mo¬ 
mentum is being created in the direc¬ 
tion of deformation, so there is in¬ 
creasing momentum flux outwards. 
At j? momentum is being created in 
the direction opposite to that of 
deformation, so there is dccreofting 
momentum flux outwards. Fluctua¬ 
tions in this pattern of changing mo¬ 
mentum flux, due to fluctuations of 
either pressure or shear, produc*(^ 
sound radiation with the polar in¬ 
tensity diagram (d). 


P (9) either pressure or shear, produce 

To these must h, added the ductu- SSrCl' (d)”"'" 

ations m pressure due to the sound ^ 

field of afl the rest of the turbulence. Now for an infinite volume of 
lence and sound obeying an inverse square law, the sound arriving 
at any point would be infinite, since the volume of turbu lce I n 

?2ThLTh:r proportfoiml t: 

Lcfor of on ^e reduced by a 

factor of only r before reaching the point. In a real fluid, however 

where T is additional factor 

IS the rate of dissipation of unit acoustic energy per unit 
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(listanct% (l('iicu(linjr on viscosity, heat eonduction and other jxroeessc's 
ol energy exchainjf hi'twcen inalecules or between various dej>rees of 
Ireedom of a siiii^le molecule. In this case it is (aisy to s(‘e thiit the. 
intensity at tlu' point will he a '^/i. (In practice, a vari(‘s with f're<ju(m(\y, 
so tile \alue of a ' liere would have to be taken as a nuain wi'iffhted 
with respect to the acoustic energy spectrum.) 

Hence the mean sipiare pri'ssure due to acoustic (luetuations at; the 
point is min and since fhc.se fluctuations must; he uncorrelated with 
tin- pressure lluetuations due to the local motion, whose mean square 
is given hy (St), the two may he added to give 

^ (lo) 

Kvi<i<‘iitly, thi‘ part of the pressure lhiet;uati<)us tiiay he^iu to 

be iioniiaaiit at luoderate root mean s<iuare Mach munhers, es- 

|HH*ially if tlie a<‘ousti<‘ attemuitiou ill a (iistatua^ ecpial to the 
scale of tlie turimleiie<‘ is suuill^* 

Similarly one can write <lavvn the mean scpiurc velocity at a point as 
a sum of tfuins due tu the tluetuating shearing motions a.n(l the (hietu- 
atiiig loiigitiidiiia! tnotioiis (bouikI waves)^ namely 

(i + 40;;; 1). (ic 

In this (-xpressitm, the Maeii number at which the acoustic component 
would begin to pre<loininHte would be somewhat larger. 

4. CON.IKCTrUKS eoNCKIlNINa TURBlU.KNrR AT ROOT MKAN HQtlAHE MACII 
NfMHKKH <*OMPARABl,K WITH 1, OR (IKKATKR 

It has been shown tliiif the effect of comprcssihilily is to increase tln^ 
rate of fnrhulent energy dissipation by a factor of about. 

1 + 40 M*, (12) 

where .If It It is the root nutan square Mach number, assumed small. 
'I'his formula cannot r<-nsonably la; applied when M is greater than 
about since the hypotheses on which it is bnsi-d (partic-ularly the 
ue.r|e(-t of the (lifferetiee in thc retarded times for the- two terms of thi- 
mean product iu{.‘>)) are then itivulid. However, it can hardly hedouhU-d 
that the fac-tor hy which the dissipation is increased is large when M is 

* Tills jirmisn is likely to In* true, since under ttie eoiiditionH onvisageil the 
length seuli* t will li(‘ less than a tyiiienl wavelength of the staind genemtert. 
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comparable with 1, or greater. Accordingly, the power input of the 
turbulence-creating mechanism (by which turbulent energy is extracted 
from the kinetic energy of some mean shearing motion, or from the 
potential energy of some unstable distribution of fluid in a field of 
force, or otherwise) must be far greater, relative to the level of turbulent 
energy which is generated, than it would need to be at low Mach 
numbers*. 

It is clear, also, that the sound amplitudes present for Mach numbers 
M comparable with 1 will be very 
great. It is reasonable, therefore, to 
seek guidance on what may happen 
from the theo];y of sound waves of 
large amplitude. This is well deve¬ 
loped only for the case of plane waves. 

These have the well-known property 
that their fronts rapidly steepen and 
become shock waves, while the rear 
part (expansion phase) of each wave 
becomes less and less steep Thus they 
become what are often referred to as 
‘W-waves”, from their characteristic 
shape (Fig. 2). A general (non-periodic) 
plane wave becomes a certain statis¬ 
tical assemblage, or random sequence, 
of iV-waves. The degradation of energy 
in this case occurs almost entirely 
inside the shock waves, following Rankine’s well known formula for 
the entropy increase per unit mass of fluid traversed by a shock wave 
of pressure ratio x, namely 

4S=«.[log«-,logfe±llf^], (18) 

where y = cjc^ is the ratio of the specific heats. Thus the presence of 
the shock waves speeds up very considerably the attenuation of the 
acoustic energy. Another prominent feature of such an assemblage of 
iV-waves would be the ‘‘union” of shock waves whenever a stronger one 
catches up with a weaker one. 

It may be remarked that just such a statistical assemblage of waves 
incorporating energy loss at the discontinuities and similar possibilities 

* Similar considerations hold for shear flow turbulence and are probably the 
cause of the reduced level of turbulence in jets at high Mach numbers. 



Fig. 2. Development of a sound 
wave of large amplitude into an 
iV-wave. The curves shown are 
pressure-distance curves at succes¬ 
sive times; time increases upwards 
and the wave is propagated to the 
left. The discontinuities formed, in 
which the further steepening of the 
wave is resisted by molecular dif¬ 
fusion, are “shock waves”. 
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of ■•union", was shown liy Hurjijcrs® to occur in a certain highly simplified 
oncnliincnsiona! “model” of turbulence. In this model, the discontinu¬ 
ities were supposed to correspond to vortex sheets in the three-dimen¬ 
sional ease, and indeed Batchelor and Townsend® have shown experi- 
nient;dly that such vortex sheets do appear to dominate the smallest- 
s<-:de feat tires of ordinary low-speed homogeneous turbulence. However 
the eonsidenitions just given indicate that Dr. Burgers’s model (which 
does not use :iny eipuition of continuity, “ineomprc.ssible” or otherwise) 
nuiy give tdso some itlca of the character of “comiiressible” turbulent 
flow iit the higher Miich numbers, with the discontinuities corresponding 
to shock waves. 

Kxtending th(> pictur<‘ to three dimensions, one may imagine the 
turbulence to consist not only of the usual vortex motions, but also of a 
thrcc-iliuu'nsiona! “statistical assemblage of N-waves”; that is, of 
shock waves of all shapes rushing about in all directions, with regions 
of more gradual expansion lietween them, and with continual interactions 
taking place between pairs of shook waves (including unions, regular 
intersections, “Mach" intersections ’) and to a lesser extent between 
them and the longitudinal cxjuin.sion waves and the shear turbulence 
The intcrac’tions bt'twism shock wavess actually create ad<lit.ional vorti- 
eity; also, a single shock wave along which tlu‘ entropy increase (HI) is 
nou-imif«>nn creates vorticity, in proportion to the gradient of that 
increase Thus to stnnc extent the shock wave system can generate new 
turbulence. Whether as a result of all this any kind of c<piipartition 
between tin- energy of longitudinal and shearuig motions is likely to be 
set uj> can only iw* a matter of opinion. The author feels rather that the 
system has become one in which the division of t he motion into “turbu- 
IciK'c" on th«‘ <mc hand ami “sound” (or shock wave.s) on the other is 
almost without signillcance. 

In citln r case our main conclusion, after this onumeratioti of the 
( lasses of phenomena which are likely to play a prominent part, can 
only Im‘ that the prop<*rties of turbulence at root, mean S(pmre Mach 
numbers (>onipnrai>Ie with 1, or greater, must differ very widely from 
those fouml in ineo!npres.sible flow. 
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CHAPTER 23 


INTERNAL MOTION OBSERVED IN EMISSION REGIONS 

BY 

G. COURTfiS 
Ohservatoire de Marseille 
(Communicated by E. SCHATZMAN) 

Since 1949 Stromgren and Felirenbach ^ have explored the Milky Way 
in Ha light by means of high speed photographic cameras with inter¬ 
ference filters. Numerous new emission regions have been found because 
of the better contrast between these regions and the air glow 

The intensity of this emission justified an attempt at measuring precise 
physical quantities by means of interferometer observations. The new 
Pf^rot-Fabry e^talons with multiple layers give a considerable dispersion 
and contrast with a convenient speed The study of the air glow 
doublet 6300-6863 A by Cabannes and Dufay has shown the advantages 
of this method. With this same dtalon I have obtained rings of the Ha- 
radiation in the entire constellation Cygnus in 3 hours on 103 a E plates. 

The earlier studies have used the old dtalon with half-silvered 
layers on the Orion nebulae, which was the only nebula bright enough 
for this study. The new dtalon permits us to study even the faintest 
regions, as shown by the following report on the study of the nebulosity 
around A Ori. The dtalon is mounted in a parallel beam in front of a 
camera with focal ratio F/1,4. The same mounting is also intended to 
photograph nebulae through interference filters with big telescopes. 

The measurement of a photograph of P^rot-Fabry rings gives the 
radial velocity at many points in the field so that turbulence can be 
studied very easily. The mean residual deviation of the measurements 
from the average velocity was found to be 1.7 to 3.3 km/sec in ten 
nebulae studied. The large nebula in Orion gave the higher value 
5.8 km/sec. 

The order of magnitude of the highest radial velocities is 10 or 15 
km/sec in all of these nebulae. Even higher values are noted in some 
points; they are visible at first sight by the deformation or widening of 
the tings when the path difference exceeds 4000 They seem to be 
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localized at particular morphological details (filaments, ends of bright 
arcs, etcetera). Also the regions bordering dark nebulae are often dis¬ 
turbed. A rough estimate of the temperature gives a value below 
10.000° K. 

The large Orion nebula and the faint nebulosity around X Ori may be 



Fig. 1. Spectrum of turbulence of Orion Nebula. 

considered as extreme cases. I have tried to check whether these nebulae 
obey Kolmogoroff’s law as it has been formulated, for one velocity 
component, by von Weizsacker: ‘Tn a homogeneous medium the relati ve 
velocity u between two points at a distance I is on the average pro¬ 
portional to 

The results are shown in Fig. 1 and 2. Fig. 1 gives for the Orion nebula 
the values of log v (in arbitrary units) as a function of log Z. The slope 
in the first part (Z < L) is 0.60, where von Hoerner ® found 0.40 (thin 
line) from Campbell and Moore’s measurements My field extends more 
than 20 from the trapezium but does not include the very brightest 
part. The fact that the slope is steeper than 1/3 is explained by von 
Weizsacker by compressibility and by von Hoerner as due to an effect 
of optical depth. The difference in slope between von Hoerner’s result 
and mine may then be due to the fact that the optical depth is larger 
in H a (used by me) than in the [0 III] lines (used by Campbell and 
Moore). 

Fig. 2 shows the results for the nebula surrounding A Ori, a weak 
and fairly regular nebulosity with locally some velocities exceeding* 
15 km/sec. The measurements extend to 150' from X Ori. The part eff 
the graph with 1 <L = 46' corresponds to Kolmogoroff’s law. 
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The transition at Z = L in both figures may correspond to von 
Karman’s transitional region in the turbulent spectrum. 

With the known distances the linear values for L, i.e. the sizes of 


0.5 


log 



the turbulent elements, are 1.0 parsec and 8.0 parsec for Fig. 1 and 2, 
respectively- The latter value corresponds to the classical dimension of 
a H II region and also with the order of magnitude found by AUer 
from the intensity fluctuations of emission nebulosities in Cygnus. 
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CHAPTER 24 


DISCUSSION ON THE MEASUREMENT OF 
TURBULENCE IN NEBULAE 


Chairman: Dr. TH. VON KARMAN 


fTh V suggestion that the different 

spectrum in different nebulae might be due to 
fleets of optical depth. I am doubtful whether it might not play a role 
that m different nebulae the turbulent spectrum is affected to different 
degrees by the occurrence of small clouds with large motions. I have seen 
many plates of the Orion nebula showing such clouds with velocities 

LtTuilfcent.'^ 

Liepmann: On what kind of average are the plotted points based? 
bCHATZMAN: Courtes reports that he takes many pairs of points PO 

meirof the d-ff'^'*^ determines the 

the safe 

Frenkiel : The interpretation of the results obtained by von Hoerner 
and by Courtes must be very uncertain. Each separate observation oives 
a mean value of the velocities over a certain depth in the line of s"ght and 
onsequently is an average over various elements of volume which mav 
move more or less independently from each other, while the weight of 
the contributions is influenced by absorbtion. One now takes the differ- 

he mage of the nebula as projected on the celestial sphere.’With a 
tal number of say 50 or 60 observational points, one may perhaps 

f TthH^er"^ ‘f T 

sufficientlv^cllf”^ urbulence, but I doubt if it determines them 
suttciently well for a verification of Kolmogoroff’s law. 

AMPE PE Fi&riet : In this method one observes from 0, in a cloud C 
he radial velocities along a given radius O^c; but the result does not 
depend only on the radial velocity V(a) at the point A on the front of 
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the cloud; it ccrtuiidy depends on the values U{x) of the radial velocity 
at every point ,r in the cloud between A and B; what one is measuring 
is very likely the integral: 

/ = J* U{x) dx. (1) 

If the cloud h in turbulent motion let us write: 

V{x) == ETfiy + U'{x), 

where U'{x) is a random function of a?; it seems reasonable to assume 
that U'{x) is a Gaussian stationary random function, i.e.: 

(a) for every set of points {a^i, ., *„} the n random variables U'{Xj), 

., U'{x,^) have an w-variate Gaussian distribution; 

(b) W{x) = 0; 

(c) U'ix)lr(y)^e{x-y). 

Then: 

I == l‘‘U{xjdx + J-, J = P UXcc) dx. 

It is easy to prove that: 

./ is a random variable with a Gaussian distribution: 

_ 

Prob < J < I 4- d II = e d I, 

where: 

- P * (6 — a — h)Q (h) dh. 

J C» 

If otu' feels tlu‘ need (for instance in order to take account of the 
absorbtion of light in the cloud) to introduce a weight for the influence 
of U(,i') on the nu-asiiremcnt, i.e. to replace (1) by: 
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{[v{x —a) V {x) dx, 

then 

= /„ P (« — a) XJ' (x) dx 
is Still a Gaussian random variable for which: 


( 2 ) 


t rb-a 

J, Pi.<^)v{y)Q{x~y)dxdy. 


ai, rertt seems to be useful if one wants to improve the method of 
Mr. tourtes, taking account of the depth of the cloud. 



CHAPTER 25 


REMARKS CONCERNING INTERSTELLAR MAGNETIC FIELDS 

BY 


L. BIERMANN 
Gdttingen 


Concerning the remark made by Bullard I wish to point out that an 
increase of the magnetic field strength is possible if avjc^ exceeds unity, 
where a is measured in E.S. Units, and avjc^ amounts to 

avlc^ ^ 10® (in H I-regions) 
or 10^® (in H Il-regions). 

This is amply sufficient. The value of a to be used in this connection, 
is the “normal” one, that is, it is not affected by the magnetic field (see 
Schliiters contribution and the consequent discussion on Tuesday; this 
was not yet known, however, at the Paris meeting). 

Every irregular motion tends to give rise to a different acceleration to 
electrons and ions; or otherwise stated to such motions always “im¬ 
pressed electric forces” correspond. If e.g. there would be no interstellar 
magnetic field at all, the expansion of one particular H II cloud would 
create a magnetic field of the order Gauss. The theory of the 

origin of magnetic fields by the action of such forces has been worked 
out to some extent^. Experiments relating to this mechanism have been 
made in Kiel; they may to some extent be regarded as models for the 
processes under discussion 

On the other hand, the possibility cannot be excluded, that inter¬ 
stellar magnetic fields were present already in the earliest stages of our 
galaxy. 

I turn now to the dynamical state of the interstellar gas and its 
connection with large-scale magnetic fields. The two opposite positions, 
which have been defended in the last years concerning the stationary 
state in incompressible homogeneous turbulence of fluid matter, were 
described already by Dr. Batchelor. I agree with him, that no really 
decisive argument has been presented so far on the issue in question. 
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But I think that the physical background against which this whole 
question has to be seen, has changed considerably since the Paris 
meeting. 

In order to make this clear, I may start from a representation which 
I believe has been used already by Dr. Batchelor in Paris. Fig. 1 is a 
schematic representation of the spectrum of turbulence. The range of 
the abscissae covers most 
of the range which is of ' "'N. 

interest to us. With the 

law of Kolmogoroft, On- \ 

sager and von Weizsacker \ 

a spectral distribution of \ 

the kinetic energy density \ 

Ej, is found, which is 

^ in its intermediate ___ _ ___ 

range. According to the J ^ UP^rsecy^ 

picture under discussion Kg i. Schematic spectrum of turbulence 
at mat time, energy was 

fei into the system at low waventimhers, say by differential galactic 
rotation. This energy was gradually being shifted to higher wave- 
numbers by the imaon of the nonlinear terms in the equations of 

picture the magnetic energy density would approximate that of the 
urbulence at much smaller wavenumbers. The interplay of the various 
spectral components of the velocity field and of the magnetic field has 

“n-htgr^ 

pr^ei: to“t?h:rsSSi;rto* a“; “ 

Schliiter wiU discC Corw tL Oort and Dr. 

temperature stars (early-type stars) Th tT 

the high temperature will produce a large average density 

expected that everv visible • P^ossure, and it is to be 

every visible H II region must expand. This, is a very 
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efficient source of energy. The early-type stars themselves have high 
velocities and the distribution of the heated regions is continually 
changing. For an early B star the diameter of the surrounding H II 
region can be about 10 parsec; for an 0 star it will be much larger. The 
energy density will be of the order 10"~^^ erg/cm^ or larger, and there 
will be inflow of energy in all regions of the kinetic energy spectrum. 
It seems likely at present, that the amount in question is much larger 
than that provided by differential galactic rotation at smaller wave- 
numbers. Also in the wavenumber range around 1 (parsec)-^ and above, 
the effect of stellar corpuscular radiation has probably to be taken 
into account. This subject will be discussed on Friday afternoon. 

With respect to the mechanism by which the system loses its kinetic 
energy it must be observed that the dissipation of energy is perhaps 
most effective in shock fronts: here energy is transferred as it were in 
a jump from any part of the spectrum to the region of very high fc-values. 
It is possible that this process leads to additional deviations from 
Kolmogoroff’s law, which was enunciated for incompressible turbulence. 
If the action of the expanding H II regions of one particular size (say 
30 parsec) would effectively predominate and if this would result in a 
spectral distribution of with a pronounced maximum say in the 

range ~ — ~ (parsec)""^, one would have to some approximation the 

situation considered in Fermi’s paper of 1949; it would seem, that in 
this case the general arguments presented in Alfv^n’s, Elsasser’s and our 
own papers would lead us to expect a value of H of the order of lO-^ 
Gauss {H^/Sn ^ 10“^^ erg/cm^). 

Evidence for the presence of magnetic fields can be derived from 
considerations on the properties of primary cosmic radiation and its 
origin. Since the pressure of the cosmic radiation is approximately 
10”^^ dyne/cm^, the magnetic fields cannot be much less than 
Gauss (cf. e.g. ^). 

As a further evidence we may consider the polarisation of the light 
of distant stars (probably by paramagnetic particles) as observed by 
Mikesell and Hiltner and the presence of cirruslike structure in nebulae 
of small dimensions. In the Pleiades nebulae the diameter of the fila¬ 
ments is of the order of 10^® cm; without magnetic fields the presence of 
such details cannot well be understood. 
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CHAPTER 26 


DISCUSSION ON INTERSTELLAR MAGNETIC 
FIELDS 


Chairman: Dr. TH. VON KARMAN 

Liepmann: Why is it that Kolmogoroff’s law does not hold in some 
nebulae ? 

Biermann : The turbulent spectrum depends on the detailed mechan¬ 
isms by which kinetic energy is being fed into the system, especially on 
the spectral distribution of these sources of kinetic energy. In view of 
what has been said before, there may be considerable differences between 
different nebulae and especially for isolated clouds. The spectrum of an 
individual nebula may therefore have no simple form at all. 

Cowling : In much of the work described today the main interest is 
not in the results derived so much as in the initial assumptions. For 
example, in Chandrasekhar and Fermi’s work the interest, and the diffi¬ 
culty, is in the assumptions that a magnetic field acts along a spiral arm, 
and that the spiral arm is a mass which would collapse gravitationally 
in the absence of the field. Bullard’s initial assumption is that a steady 
field can be produced by a steady motion, and his eigenvalues are the 
strengths of the velocities required. If one postulates the same or some 
other steady motion and sees how the field varies, one can expect to get 
complex eigenvalues corresponding to fields increasing like a complex 
exponential in the time, i.e., like an increasing oscillation. Such fields 
resemble more what one gets in turbulent motion and may present 
difficulties in interpretation. Biermann’s assumption is that equipartition 
of energy exists between turbulent motion and a magnetic field. I con¬ 
fess I cannot see why this should be so. Just as the non-linear terms in 
the hydrodynamical equations tend to transfer energy from longer to 
shorter wavelengths in the turbulence spectrum, so the non-linear terms 
in the equation for 9HI dt should transfer magnetic energy from longer 
to shorter wavelengths. Thus while some magnetic energy may be fed 
into the longer wavelengths it may be doubted if equipartition with the 
mechanical energy can be reached in these. 

Biermann : In reply to Cowling I should like to remark that there is 
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no “autochtonous” transfer term (like the v^jl term) in the equations for 
the magnetic field. The energy transfer from one wave number to another 
is only via the velocity field. So every single part of the //-spectrum is 
linked with the corresponding part of the z;-spectrum. 

Schatzman: I have been extremely interested by LighthilPs paper. 
However, although his discussion of compressibility effects can be ap¬ 
plied e.g. to stellar atmospheres, it does not apply to the interstellar gas. 

Lighthill: I agree that all my rigorous results refer to small root 
mean square Mach numbers (< 1) and thus do not apply to the inter¬ 
stellar gas. But perhaps the conjectural remarks at the end of my paper 
may be relevant. 

Thomas : I do not understand Schatzman’s remark. It seems to me 
that LighthilPs discussion is very particularly relevant. It is just this 
problem of dissipation of energy by compressibility effects which is 
important here, and to which we have been so long in coming. By far the 
greatest application of the term “turbulence” to astronomy has been 
through a rather blind borrowing of the results obtained in the special 
case of the incompressible, isotropic case. And, as Biermann just 
remarked, the spectrum must certainly depart from this Kolmogoroff 
result when any dissipation by shocks occurs. Certainly the occurrence 
of Mach numbers much greater than those for which Lighthill’s results 
remain strictly valid, do not invalidate the physical tendency of these 
results—one can only expect greater dissipation of energy, not less. 
Indeed, in 1947 I suggested that a field of supersonic turbulence in the 
ordinary sense represented a physical contradiction; for one would 
expect a field of shock waves to appear and dissipate energy very ra¬ 
pidly. One rather needs now a physical theory of turbulence, an inquiry 
into detailed processes rather than a theory independent of processes. 

Frenkiel: a preliminary analysis of the spectrum of turbulence in 
the photosphere of the sun (F. N. Frenkiel and M. Schwarzschild, 
Astrophys. Journal 116, 422-427, 1952) has revealed that there are two 
maxima for the turbulent energy, one at relatively small wave numbers, 
the other at large wave numbers. This could be explained as a result of 
two different driving mechanisms introducing two scales of turbulence. 
It may be possible that a somewhat similar spectrum is obtained in the 
case to which Dr. Biermann refers. One would then not expect the validi¬ 
ty of isotropic laws of turbulence at the intermediate wave numbers, 
even when incompressible turbulence is assumed, but only for the part 
of the spectrum at large wave numbers at which the viscous dissipation 
is of major importance. 
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Batchelor,: An additional maximum does not follow from Bier- 
mann’s remarks. 

Biebmann : Tliis is true. In a region of high dissipation the spectrum 
cannot have a maximum. But in a general way it may be said that the 
form of the turbulence spectrum will depend entirely on the spectral 
distribution of the sources of energy, and that in compressible turbulence 
the shock waves give an additional deviation from the situation con¬ 
sidered by Kolmogoroff. 

Gold: Some consideration must be added to the discussion of gas 
dynamics in the presence of magnetic fields. The most important depart¬ 
ure from the straightforward theory seems to me to arise from the fact 
that the galactic gas is not necessarily in a single stream flow. There may 
be several streamlines through each point at each instant, for the galactic 
gas is quite porous to fast particles. The electro-magnetic effects associ¬ 
ated with the slow bulk motion of the material will cause an interaction 
with fast particles which may occasionally be in the sense of accelerating 
them, but which may be frequently of importance to the dynamics of 
the system. 

We know that high-speed particles exist in the form of cosmic rays, 
and one important theory of their origin, namely Fermi’s, indeed attri¬ 
butes them to the electro-magnetic effects of the gas masses. One can 
look at Fermi’s theory in a more general way, and one can see that the 
motion of the gas masses and their associated magnetic fields will, in 
general, result in electric fields along arbitrary lines. Some of those 
arbitrary lines will correspond to particle trajectories along which a par¬ 
ticle would be accelerated. Those arbitrary lines which are not trajecto¬ 
ries are of no interest, and those that correspond to deceleration will 
contribute to the decay of cosmic ray flux. 

The known cosmic ray flux by itself would, through its electro¬ 
magnetic interaction, affect but not dominate the dynamics of the gas. 
But in addition there may be more material that is double streaming 
witli the gas, though at slower speeds than cosmic rays and yet fast 
enough to penetrate some clouds. Such material might provide a means 
of dissipation of magnetic and kinetic energy far faster than the mere 
effect of viscosity or ohmic dissipation. 
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CHAPTER 27 

PRELIMINARY REMARKS ON THE DYNAMICS OF 
THE INTERSTELLAR MEDIUM* 

BY 

A. SCHLUTBR** 

Gottingen 

In discussing the dynamics of the interstellar medium it seems useful 
to distinguish three types of regions as shown in the following table. 


Type of region 

logiV 

(atoms/cm^) 

log T log P 
(1 °K) (dyne/em2) 

Relative 

volume 

Dense HII regions 

1 

4 


<S] 

HI 

Dense HI regions (clouds) 

1 

2 

-18 

5% 

H II Regions between clouds 

-1 

4 

-18 

95% 


The figures have been taken from the report presented at the Paris sym¬ 
posium of 1949; they refer presumably to the region near a spir'al arm 
of our galaxy and not too far from the galactic plane. Incidentally, these 
figures lead to a rather low value for the total mass of interstellar mat¬ 
ter. If the volume concerned, including the regions between spiral arms, 
may be taken as 1000 (kps)^ = lo®^-® cm®, with an overall mean density of 
10-24-2 gr/cm® (1 atom per 3 cm®), a total mass of 10i« M@ would result. 

Since 1949 the low value of the temperature of the H I regions has 
been confirmed by measurements of the 21-cm line. Hence the following 
simplified picture suggests itself now: In the H I clouds and the hot 
regions between the clouds there is an internal pressure of very rough¬ 
ly the same order of magnitude (~10-i® dyne/cm®) and the pressure 
m the dense HII regions (some lO-^ dyne/cm®) is much larger. On 

* This paper was adapted from part of the Preliminary Communication No. 10, 
prepaid m advance of the symposium. An extended version has since been 
published. The Editors. 

** Prepared in collaboration with L. Biermann. 
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account of this pressure difference there does not seem to be any escape 
from the conclusion* that all observable, i.e. dense, H II regions must ex¬ 
pand very rapidly. The velocity may be of the order of 10 km/sec. This 
expansion is not adiabatic, but nearly isothermic, and ionizes—as is 
easily verified—a steadily increasing mass of gas, as long as this process 
goes on in an H I cloud. 

If the ionizing stars would remain equally powerful and fixed in space, 
the expansion would probably lead to a final situation in which all 
ionized regions would have a density of 0.1 atoms per cm^ and the pressure 
would be nearly equal in all space. The mutual motions of the stars, of 
the order of 10 km/sec, and the fact that the hottest stars have short life 
times, of the order of 10*^ year, make the actual situation quite different. 
The main effect to be expected is a continuous redistribution of inter¬ 
stellar matter. The mean distances of the O- and B-stars from the 
galactic plane are indeed of the same order as the mean distance of the 
gas from the galactic plane. A second important consequence is that the 
motions of the interstellar gas are supplied with energy from stellar 
radiation, i.e. from nuclear reactions. 

An estimate of the energy, converted in this way into mechanical 
energy of the interstellar material, gives 10®^ erg/sec for an H II region 
around a B 0 star. On the other hand, 10 typical H I clouds correspond¬ 
ing to the one ionized may have a mass of 10^®—10®'^ g. Thus an energy 
supply of 10"”^—lO"”^ erg/g.sec is found, which seems easily sufficient for 
maintaining the irregular ‘"turbulent” motion of the intersteller material 
and at the same time its irregular density distribution. 

It appears likely that the dissipation of this energy goes on mainly 
(but not exclusively) at the boundaries of the expanding dense H II 
regions and at those of the H I clouds. In the language of the spectral 
theory of turbulence this means that energy may be transferred discon- 
tinuously from small to high wavenumbers. This is in contrast to the 
picture previously suggested on the basis of the theory of the turbulence 
of incompressible fluids. 

A final consequence of the necessary continual expansion of every 
dense H II region is that it appears most unlikely that an 0- or B-star 
can regenerate its hydrogen from the dense interstellar material around 
it and thus be rejuvenated. Only the alternative, that early type stars are 
steadily being born, seems to be consistent with the argument just given. 

In addition to the main effect discussed above, two further effects 

* This conclusion was first drawn by Spitzer at the Symposium at Paris, August 
1949. 
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praetieally only viaresoiianee transitions. Most iiiiptirtiuif is the prrsMire 
in the Lyman eoiitinuous riwliation ami in the Lyniiin n lim*-*. At I lie 
boundary of a normal U H region around a H II slur its niiioiiiit is fignin 
10”^**^ dyn/em^ for a distanee of m if pse» eorresponding, iieeording to 
Strbmgreids redation, to HI atonis/ein®. This itieiiiis only a very siiiidl 
correction to the gas pressure causing the expaitsion. I In the otfirr band* 
tlie radiation pressure acting on the surface of an It 1 ebuid surrouiidc'd 
by a low density II 11 region will be idaHii III dyit ein*. This is iit Iriiit 
as much as the gas pressure iiml provides an iidditionid stiibili/iiig iigriit 
for the 11 I clouds. 

The eorpmeiilar radiation of main sequence stars iiiiiy liiivr the follow* 
ing effect. If the fraction u of the luminosity L of a stiir is eiiiittril in 
addition to thermal radiation in tin* noiitliermid form of eorpiisriilttr 
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pressure exerted in this way is camipiirahle with tliiit of light fit’ it 
becomes absorbed), the density of the resulting voltiiite forn* iiiiiy he 
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geometrical structure of an expanding II II region would seciii to 
d(*s<Tve attiuition. 

* Diseussed in detjiil by L. Hieriniirm $ind A. Selih'lter. Z. f. Xiiinrf Ida f tO.VIa 
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OUTLINE OF A THEORY ON THE ORIGIN AND 
ACCELERATION OF INTERSTELLAR CLOUDS 
AND O-ASSOCIATIONS* 

BY 

J* 11 . OORT 
Leiden 


L C/'BOrB COMPLEXES AND TBKIE DISEUPTION* 

KviclfiK*!* prrKcnitecI by tiie int(‘rst<*li.ar ahs()ri)ti()n. lines and by obser- 
vnlicais fiftlurk clouds luiH led to the eoneltLsion that interstellar matter 
«K*eurH liu’iiely in liisen’ti* tdouds. For a working model an average elotai 
might he c*stiinutt‘d to have* a itianieter of about 10 |)arsee and a density 
of the order of 10 hydri»gen atoms per <»nrk eorresponding with a mass 
of the oriler of KM) solar masses. Here and there tlie clouds form great 
iieeumulntioiis, where aveumge densities of 10 or itiorc arc found over 
regiorts tens of pursee in diameter, while locally the density 

souadimes runs up to values of eonsiderably rnorc^ tluui 1000 Il/em^. The 
rxislcnee (»f such large* «*loud eoin})le%es has laam pointed out by several 
authors. An f’xamph' is the agghmierati<>n of da.rk elouds in Taurus, 
ulicrc wo may c’stimnte that tin* interstellar density is about 10 times 
the iivf*rnge in'or a regitm r»f some 00 parsec* diameter. The total mass of 

^ SiacT tho ('luubrtOgu Syiapomuai the suggestions eoncemiug the origin of the 
*’h»ucls amt ttirir aeeeleratiou presented at that time have t>eeii eousider- 
alil\' Tfie artielt* preHenled liere differs, tla'refore, in neveral respe<d;H 

from lla* rtimitntniefUioa iimde at the Hymposiunu K has appeanal in a somewhat 
e\lrmleil form in the Bulletins of the Astroaonueal Instilulcss c^f the Netherlands 
iXcL ■^cliile another arltele on the stuiie general stibjcei, hy Oort and 8pit/a‘r, 
i^ to appear in tin* Ap. .h 

Tie* uf roeketdikt* aeeeleratiou of interstellar elouds originated in 

diseie-^doie* ttith S|itt/,er during a stay in Priueeion in 1952. The idea iliat O-stars 
wouhl lie respHUHihle for the repleuisfirnent of kinetie en(‘rgy In the interstellar 
lUf'fhtiiii liiiH been pfopimini iiidepeiideutly by Bierinanu and Hehhlter at the Pam*" 
hridgt* Syitiptoiiiiii (see the prreriliiig eornmunieation, (1u 27). 
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this cloud complex would be some 30000 solar masses. Most of the 
matter is non-ionized and presumably at a temperature of the order 
of 100 °K. 

An example of somewhat different type is shown by the nebulae 
around the open cluster NGC 2244 in Monoceros, which have recently 
been described by Minkowski h They form a luminous mass of roughly 
circular shape, with a radius of 40', corresponding, at the estimated 
distance of 1400 parsec, with 16 parsec. The surrounding dark clouds, 
which are evidently connected with it, show that the bright nebula is 
only a part of a considerably larger mass. The mass of the luminous 
nebula is estimated by Minkowski as 10 000 solar masses. That of the 
whole cloud complex is likely to be several times larger; of the same 
order, therefore, as the mass of the Taurus clouds. The luminosity of 
the nebula is due to the ultraviolet radiation of four 0-type stars in the 
central cluster, which suffices to ionize the hydrogen up to the edge of 
the luminous part. It seems reasonable to assume that the 0-stars (and 
the cluster of which they are part) were born fairly recently inside this 
large mass of clouds, which they must now be disrupting by their power¬ 
ful ionizing action. The disruption must be relatively rapid, as we can 
see by considering a somewhat schematic example based on the Mono¬ 
ceros nebula. Following Minkowski, the average density may be esti¬ 
mated from the surface brightness as well as from the radius of the 
Stromgren sphere*; both give 23 H/cm*. With a temperature of 10 000’ 
the pressure in the ionized sphere would be 0.63 X 10“^®. 

The pressure in the surrounding cool masses must in general be two 
orders of 10 lower. The cool gases will therefore be compressed. The 
heat generated by this compression will probably be radiated sufficiently 
rapidly to prevent a large rise in temperature It now seems probable 
that dense cool clouds contain a considerable amount of hydrogen mole¬ 
cules, by which the radiation is enhanced. It is similarly enhanced by 
the large numbers of solid particles in such clouds. The density in the 
outer shell wiU then become of the order of a hundred times that in the 
hot inner region. Under suitable eonditions the compression layer will 
start moving outward into the cool mass with a velocity of the order of 
the velocity of sound in the hot inner mass, say 11 km/sec. 

While it moves outward the density in the inner mass decreases, and 
as a consequence additional parts of the un-ionized shell outside will be 

* The Stromgren sphere is the sphere of hydrogen that would be ionized by the 
radiation of the star, or group of stars, if the hydrogen were distributed homo¬ 
geneously. 
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i(uu/,c<l. As the itfu ly iimizcti particlos lcuvcth<‘ cool shell in tlie direction 
ol the inner mass their escape will cx<‘rt aa outward force on the remain- 
inii part of flic cool shell, lo (‘otnputc" the ensuiuff motions and density 
distribution in theeoldand hot masses is an intricate problem *. Forthe 
case <d a radiation Iront moviii}; into a Hat cloud this proljleern has 
re.'eiitly been partially discuswd by Dr Kahn A For tlic present rough 
sur\ «•> 1 shall limit myself t<t an estimate of the total momentum that 
will be eained 1)_\ the cool shell as a eonseciuence of the ionization and 
suhsisjueiit escape of hydrogen at the surface facing the O-star. 

It .'an readily be seen that the gravitational attraction exerted by the 
total mass is ol slight importanci*. Let us suppose tlu‘ luminous mdnila to 
be surroundtsl by a cool tnass of the same density and with a times 
larger radius. If we esmsider a cone with its lop in the centre of the 
nebula, atid iiaving a cross section of 1 cm''^ at the surface of the bright 
nebula, this c(me would eontain a total mass ?«„ 1.,'5 x 10 * g of nou- 

iouizeti material. The grav itatiounl attract ion on this cone would eorre- 
spimd to a total force of !.0 x H) dynes/em^ at tlie inner surface of 
the cfKtl mass. 'I’his is (U) times smaller than the gas pressure in the liot 
iiUHT mass, and ean t!u*rc*fore be neglecded. 

in order to obtain u rough estimate (»f tlie fraction of the neutral shell 
that will he ioni/.eii during tlie process of the expansion we suppose the 
ionized gits to he evenly distributed and to have at each moment such a 
density t hat the inner radius of the cool shell will he eipial to the radius of 
the Striiingren spluTe. It ean he shown that in most a<-tual nebulae thert; 
is sidlieient time to enforce the latter condition. In rc'ality the inner 
mass wilt not be hotnogeiu'ous, hut it is probable that the supposition 
made will indiente at least roughly w'hat will happen to the cool shell. 

SuppoHr an D-star to have formed in the central [lart of a spherical 
nidmlu of densit y Ha hvilrogen atoms per etir' and radius /f . If we denote 
iiy tlie nulitis that the Sfriltugren sphere around this O-star would 
have if it were siluateil in a homogeneous medium with a density of 1 
liydrogcn atom per cm*, the actual nuUus of tlie Strdmgren sphere at 
the time tif the birth of the O-star would la* r„ .VoMo"'"*/**. Cousider now 
a later stage, at which the cool shell has been completely compressed and 
has grown to a radius r exceeding the original outer radius R. t’lileula- 
tious given elsewhere show that the time available is sullleient to es¬ 
tablish a ipiasi I’fpiilihrimii, stieh that the new density n corresponds 
again to a radius of the Strdmgren sphere equal to r; hence 

* SeJmt/umu iiad Kitlia tiave eiMiHidered the development of the shoek wave in 
11 ease like the one treated hens without takino aiwomit of mdiutioa fef. p. 16*t). 
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r = (1) 

The total mass of the ionized sphere is now | n m^nr^, or g 

if n is eliminated with the aid of (1). Originally it was g n 

difference must be equal to the diminution of the cool shell's mass. If, 
as illustrated in Fig. 1, we denote the original mass of the cool shell by 



Fig. 1. Schematic drawing of nebula before expansion and after a certain time of ex¬ 
pansion. The total mass, M, remains the same. 


Ml, the new value by Mi' and the total mass of the nebula by M (inclu¬ 
ding the ionized part), we have evidently 


M/ 

Ml 


M -i TC mrrT^ 

u 


l-irJBf 


For the present we shall only consider large nebulae, for which, at the 
time of the birth of the 0-star, the radius exceeded considerably the 
radius of the Stromgren sphere in the dense nebula. In the above ex¬ 
pression for Mj_'I Ml the denominator may then be put equal to 1, and 
we have, approximately, 



^ 71 

M 


( 2 ) 


The hydrogen that is being ionized at the inside of the cool shell will 
fly off in the general direction of the 0-star. It disperses into a region 
in which the density is considerably smaller than in the cool shell. The 
momentum it carries away must be compensated by an increase of the 
outward velocity of the remaining shell. The shell will be accelerated 
like a rocket. This mechanism has been studied in a paper by Spitzer and 
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Ourf. is tu Hjjpnir in tlu* Astrophysical Journal. If the average 

M'lueit) al..ii!,r fhr mains vector, with which the luirtieles finally escape, 
is calli'a I . sma it r luia fj, di'iioti* tlu' velocity of the shell, respectively 
lit tiif time c..iisiilerea nn<i at the time liefore an appreciable mass had 
hi i it lost. Imu' the followiitg einmtioii expressing the conservation of 
iiioiiinittiiii 

I» f fiv I (iM j' 

I’liis Irads tht* Miliititiii 

,.(*r„)/r_ 

Ml 

'rhesc forumlm* as well ns estimates of I' may lie found in the article by 
Oort ami Spit/.cr just mentioned. I shall adopt I" 20 km/sec. 

From t he expression for the mass of the ionized sphere given above we 
see tiiid when the radius increases liy dr the amount of mass lost by 
iiiiiization is 2 ,*t W|,% ® * r‘*dr. As the average amount of “ordinary” 
interstellar matter (of liensity 1) swept up during the same time 

interval is t .t r® Wndr, w(‘ see tlnit the tw'o become equal when r has 
grown to 2 * * .x„ OJlIf ji„. If we wish to stop our ealculation of the 
iieeelernlion la-fore inferuetion with interstellar matter beeomes serious, 
we shouhl stop at about half tliis radius, say at 1/U.Vo. The growth by 
interstellar matter is tla-n tlH \ of the loss by ionization. In the rough 
eslimides that follow ««• shall suppose that the aeeeleration continues 
up to this point unhindered by interstellar matter, and we shall use the 
veloeitii's obtained at Ihis distanee to estimate, the amount of momentum 
ereated by the birth of the central O-stur. This procedure is likely to 
give a slight but not seri«»us under-estimate, because some additional 
iweelenition will oeeur beyoial this distance. 

If we denote by M, the mass that cun be ionized when the density 
hns d«'ereaM'»l to the point where the radius of the Stromgren sphere 
has la eorne I II it is clear that if the original mass of the nebula is 
smaller than J/, it will evaporate entirely before it has reached this 
radius. I 'nder tlie nsstnnptions made idrove, A/j is therefore the critical 

mass. It is equal ti> .1/, where n is given by (1) and 

r t *t A(,, so that 

.W, jj» X 8 W/pv'- (^) 

'I'liis is equal to the numerator of the second term in the right-hand 


( 3 ) 

(4) 
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member of (2) forr = 1/8 For the nebula surrounding NGC 2244 
Minkowski found that the ultraviolet radiation from the O-stars con¬ 
tained in it would correspond to a value of Sq equal to 180 parsec. In 
this case = 48000 solar masses. 

If the mass of the nebula is larger thanilf^, part of it will fly off in the 
form of neutral clouds. It is clear that while the ‘‘radius” of the shell 
grows it must, by its inherent irregularity as well as by the sweeping up 
of irregularly distributed interstellar matter, break up into separate 
parts that will evidently have greatly varying sizes and forms, but will 
all be very flat. We may identify these fragments with newly formed 
“ordinary” interstellar clouds. It is true that these parts will not in 
general be stable structures; they will keep on growing in lateral direc¬ 
tion much the same way as the “shell” was growing. But the separate 
interstellar clouds that we observe are not stable either. This is evident 
from their shapes; moreover there is some indication that considerable 
internal motions may exist 

If the mass thickness exceeds the critical value corresponding to 
the neutral mass remaining at r == is equal to M —Mj. Its velocity 

may be calculated from (4). The results are given in the following table. 
The last column shows, for central 0-stars like those in the Monoceros 
nebula, the total momentum of the remaining neutral shell expressed 
in units of solar mass and km/sec. I have taken Vq == 11 km/sec, F = 20 
km/sec. 


Total mass 
(original 
neutral mass) 

M fiss 

Final 

neutral 

mass 

Ml' 

Ratio 

Final 

velocity 

(km/sec) 

Momentum of final 
neutral shell 
(solar masses X 
km/sec) 

1.1 Ml 

0.1 Ml 

0.091 

59 

2.5 X 10“ 

1.2 „ 

0.2 „ 

0.167 

47 

4.0 „ 

1-4 „ 

0.4 „ 

0.286 

36 

6.2 „ 

1.6 „ 

0.6 „ 

0.375 

31 

8.0 „ • 

1.8 „ 

QO 

d 

0.444 

27 

9.3 „ 

2.0 „ 

1.0 „ 

0.500 

25 

10.8 „ 


It is not possible to estimate with any confidence the total mass of the 
Monoceros nebula. For the luminous part Minkowski gave a value of 
10 000 solar masses. The total mass of the cloud complex including the 
cool mass must be several times larger; probably, therefore, of the order 
of the value of Mi given above. As the nebula is highly irregular, there 
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would thus be parts that have a rather greater mass thickness than that 
required to survive as neutral clouds. Other parts would, however, be 
entirely ionized. Altliough the above analysis cannot, strictly, be applied 
to this more irregular case, we may obtain an order-of-magnitude estim¬ 
ate of the amount of interstellar motion generated in the Monoceros 
nebula by assuming that the above numbers may also be used when 
dealing with parts of shells. If we assume, tentatively, that 50% of the 
shell has a mass thickness exceeding the critical value, and that in these 
parts the mass thickness would lie mostly between that corresponding to 
Ml and twice this value, and be evenly distributed over this range, we 
find that the escajiing neutral clouds would have a total momentum of 
8 X 10® solar masses X km/sec, or a kinetic energy of 5 X 10® solar 
masses x (km/sec)''*. The weighted average velocity would be 31 km/sec. 

In order to obtain an estimate of the number of “clouds” that would 
be formed from a shell like that surrounding NGC 2244, let us define an 
interstellar cloud somewhat arbitrarily as a compact stretch of gas in 
which the velocities at the extremes do not differ by more than 3 km/sec. 
Such a relative velocity would correspond to a maximum growth of the 
lateral dimensions by 10 parsec during the mean life time of a new cloud 
(i.e. the average time before it will collide with another cloud, which 
may be estimated at three million years). If we now take 30 km/sec as 
the final expansion velocity to be obtained, a velocity variation of 
8 km/sec would occur over an angle of 6° as seen from the exciting stars. 
The matter contained in a solid angle of 28 square degrees may then be 
considered as forming an individual cloud. If we suppose, somewhat 
arbitrarily, that the half of the original mass that had sufficient thick¬ 
ness to survive, was contained in a quarter of the sphere, or 10 000 square 
degrees, the shell would form some 350 clouds in the sense just defined. 
Each of these would have a mass of roughly 30 solar masses. This is 
somewhat smaller than the estimate quoted in the first paragraph of 
this article, but both estimates are uncertain by a larger factor than this 
diffenmcc. For the present, order-of-size agreements are all that we can 
reasotuibly ask for. 

The ease; of the Monoceros nebula is by no means unique. Similar 
conditions are found in all the well-known emission nebulae, like Messier 
8, Messier 1(5, McssiiT 20. In all these cases the cloud complexes appear 
t,o bc' so larg<' that they could only partly be ionized by the associated 
O-stars. The surrounding cool masses must be compressed as wel as 
acecilerated outward from the O-stars. The data at our disposal are 
entirely insuIfKuent to determine in any of the objects mentioned what 
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tlu- liiuil V(‘l<K‘ilits wtttihl As n riHU'li init'lit « tjiMji!* 

tliat IhoKc iicutnil cIotalH whifit I'snijM' i«titi/nt imm miH ,i,, 

with an a vcraj'c velocity HutiH'wlirw iH-lwia’u yn n)!«l lit km > <■, In .miju- 
(“aH<'x, however, rather hitjher veloeilies inny arts'. 

The interesting,' thin}; is tlmt the ineehiinisiii eonsuh n A pDls rmu t ii. 
tnited interstellar matter into eo-oriiituiteil mot ion tm i sin font 

parahle in tliniension t«i intersfellnr rhiinls. It is «»! inti n sf to OHjiiiri 
whether the amount of eloud motion furiiisheil l»y this « f onl<i }«• 
sutlieient to explain the oliserved rretpteiiev of mfi rsfdhir elomi*, aiai 
their motions. The prinei|tal eondiiton to l»e fnililled ts HihI tin- lr« ipnm y 
of the proees,s tie tiigh enough toeoiintrrlnitiuiee the hiss of kimlie energy 
of elouds tiy mutual eollisions. 

2. BAUANCK BKTWKKN FOKMATIOM UK MllVINIj fl.in US %S|| U>HH 0|' 

ENKHUY KV t'OM.IHIUN 

Wc may get some idea of the extmit of the priwess t>y eonsnleriiig tlu* 
large and bright emission nehidae wliieli are jm-siiinnhly the itmin roii- 
tributors. The following five major nelailosifies nortii of ileeljiuitioii 
may lie classed in tliis eatigory: The eomidiied iiebidmilir* in I Irion. Hie 
Monoeeros neliula surrounding NtU‘2241 {sometimes eidlisl lloselte 
nebula). Messier 8 (iueludiiig the neiglitMiiiring. but mueii smaller Trilid 
nelnda, or Messier 20), tin* Nortli-Ameriea neliula am! the nelitilae tieiir 
y t'ygni. It is possilile tiiat the last two are eiumerleil with eaeh other. 
Our knowledge of the soutliern nebulae is still soinewlin! meom|ilr!e. 
In eaeii of tlie above eiise.s tiie muss of the luminous nebuhie must la’ of 
the order of 10 000 times the sun’s mass, exeept m \| h, where it is only 
a few thousand solar masses. In all eases there are eunsiih rnhie dark 
musses <*onnt!eted with the Ituniitous tiehuiae, the ehiini eom|tleses ta'ing 
evidently larger than tlie amountH of hydrogen limt eiiii l*i- luuized by 
the embedded O-stars. The distimees of tlie nebulae mnsah red nn- a!! 
less than 1.500 pnrsee. In order to get an order of si/e rsfimiiie «.f the 
amount ol kinetie energy imparted to the interstellar mnhum I si,all 
assume that within 1.500 parser there are .5 eloud eomj.leses of the same 
order as the Monoeeros nehiilu, eaeh yielding it kinetie im r}.\ m Ili» 
(orm of translational motions of eiMiI elouds iimotinting to .5 . in* m 
niiits of solar mass x (km/see)®. It may la- eslimitted tfui) tin wind*' 
process of aeeeleration and dissipalion of a great emission m hula will 
not take more than two million years. With an au-ragr life ..f two 
million years for these nebulae the total gain of energv m Ha turm of 
eloud motions would thus Iw 12 x lt)« units js-r milimn s. ais. 
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111 Mr4« r l«* Itiiii thv lii\% hy we lake Bhuiuw\s c.stinuit(^ 

;it'rii!^!if!e tM H larli II iiHf* <»f ^%uht Ilf I kjiH leiv^th would (nit; 10 clouds ou 
t!}( *iH Kon? ii til* rl*nid-. liinr ii Miriin diiitiiet<*r of 10 pnr.s(T tluTCHUUst 
liifo l»o BliHiini i•klloK jw*r k}iv\ or iilwrul 200000 within a cylindcn* 
iiifh n\is prrpMidirtiliir In thv Kidiiclie {ilniu* and with a radius of 1.5 
if tiir (dfi fof tlu* pis lavcn* is tukc*u 250 parscn*. With 
ii flit liii i»rli*iif) «»f Hi kin or 10 piir.Hee/iiiiltion yc‘ar.s, a cloud wiUluivc 
o Iiroliatulitof t 10 |MT tnillioii ynirn to eolhdc* with another cloud in 
Htioli a w«> that fill'routrrH i»f thr two ilouds pass at a disiaiuH* less than 
thrir riiiluH* liiiiy it\%iiiiir roughly lltiii in thc*Hf* <‘oHisions about half 
«if riirli rioiid will tiikr purl ill the rolli^iont tin* rc*sultaut mass obtaining 
an iHi'fiigr \tl«#rily I \ 2 liinrs thnt of the* original c‘louds. The’: other 
Iiiihr*i mil rrfiiiii llieir origiiiiil rnrrgy. Her cloud of mass 100 suns the: 
|ii%n Ilf kiiiiiir fiirrgy %vi»uld lit* 1200 solar miissc*s X (km/sen*)^. Per 
iiiillioii ynir^i III thr ryliiiiit*r euiisid'eriah 20 000 clouds will suffer a 
rollisioii of this kiitiL The indniil loss j«T eolUsioii may he less because 
riillisitiiis flint are nut iii llir liireetiiiii of liie intc^rstc’llar magnclie field 
tuny lie piirlly idiistiin Nrglrrliiig this factor for ilic prescnit, the resulting 
tritnl loss Ilf nirrg) of rloini iiirition would be 21 X 10® solar masses X 

I kill 

The fiiii tiiiil tliH iiiitiila*r is of the same order as the estimatecl gain 
tliiit lirrr in ill lrii%t ii jicmihility for explaining the cloudy 
htmvtmr iiini tlir liirgr iiilrritiil iiiofiotm in the interstellar gas. In view 
of llir iiiierrliiiuty ill the estiiiiales it should not he emnsidered 

til Ilf' iiiiirr tliiiii II Ttie greatrsi imeertainty is in the masses 

of l!ir |iiirt*i Ilf tlie targe ettmd eoinph‘Xc\s. Thc^sc^ might bci 

rofidfirrabh fHiititlIrr tliiiii wii»i iisimtiird. ill which cuwe little non-ionized 
iiiiitif’r woiilfl miiiiiii itfirr ItirirexpiitiHiom Ihwever, also the expanding 
ifoii .ril mil idle to triiiiHfrr triinslational energy to(»oolclouds. 

\ ronidi flint in the riise of the Monoeeros nelnilae the 

kiiirtir energy of the iiiiiimt parts would he of the same 
iifdi'r le* the \ nine ftiiit wih liwiiitieii iiiaive for the* chioI parts# homotlnng 
briwf'rit I Hint I of tliH energy will Ir imparted to ecsd clouds in the 
+iiiidiiig If it 1*1 iiiUpposeil that the nebulae arc* ultimately 

rMiiipif'iili iitiii/.rd, tlie iirluiil gniii may thus he smidlcT than that found 
fill fill' other liiiiiit thrrr lire m the space within 1500 parsex^s 
morr I b%ftirs tliiiii f Imse eimtiiined in the* 5 large* cloud caanplexes 
rHimdfi'fd, oilier ihntmm will probably also hiua* had a certain 

%iiarf fii arei h nitiiig iiitrrstrlliir gas. That this share* may he appreeiahlc 
H iiidiriifMi fur liistnniT by the wetirrenee of a Iliglevelocity cloud of 
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considerable mass connected with the very near-by and young associa¬ 
tion of stars around t Persei (see 8. below). 

We may now imagine the following tentative picture of the cyclical 
process of formation of interstellar clouds. The existing, ordinary clouds 
continually lose energy by sweeping up intercloud material of low den¬ 
sity, and through mutual collisions. By the latter they are partly cut 
up into smaller clouds. On the other hand we may suppose that the 
slower-moving clouds sometimes combine, perhaps aided by gravitation, 
into larger ones. Once an important mass has been formed it will tend 
to absorb further slow clouds moving into it, and develop into a contin¬ 
uously growing agglomeration. The observed emission nebulae give 
evidence that at some time or other, somewhere in such a cloud complex 
conditions become favourable for the formation of one or more 0-type 
stars. This marks the end of the growing cloud complex, which is ex¬ 
ploded by the large-scale ionization of the hydrogen due to the ultra¬ 
violet radiation of the 0-stars. The cool masses pushed away by this 
explosion then put mass and motion into the neighbouring clouds. The 
suggested theory is evidently very incomplete in many points, in particu¬ 
lar in so far as the statistics of cloud collisions and the growth of large 
aggregates is concerned. 

The picture drawn above receives rather direct support from two 
classes of data, namely the observations of interstellar absorption lines 
and the expansion of stellar associations. 

The interstellar absorption lines observed in stars of two large associ¬ 
ations of early-type stars, in Orion and Lacerta, show components with 
considerable negative velocities which can most plausibly be interpreted 
as arising in shells of interstellar gas surrounding these associations and 
expanding with velocities up to about 20 km/sec. The preponderance of 
high negative residual velocities over positive ones, which has been noted 
by several authors to be a general feature of interstellar absorption 
lines, may well be due to the same cause. 

3. THE FORMATION OF EXPANDING O-ASSOCIATIONS 

A remarkable confirmation that large-scale expanding motions are 
started in the vicinity of 0-type stars-'is found by the study of the 
motions of young stars. 

A few years ago Ambartsumian has developed the theory that W-, 
O- and B-type stars form, at least in large part, expanding groups, or 

associations as he called them TTe advanced evidence for the fcict that 
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th. M' arc iiiluTi-nfly ^•xl>aIldiIl![,^ iii(U>|K'ndcnt from any 

slirariii!: . ffri’ts ruiiM'd hy liiffiTi'iitiul rotation of the (Jnlactic System. 
I’h-' ^ ..I'sucli csjuuisioiis Idiind a direct coidiniiation throuffh 

Site rtorkol iiiaaua lit l.enleii. wlanvas. moreover, able lo(leU'rmine the 
aiuieuit <d tin fXjtaiisioii in severni cases * it can beeome <iuiie hi<>'!i, id’ 
the onii f of 15 km M-e for the association surroundin^f C I’i'rsei. 

{’nleolaiiiii' Itiiekwanis lilumnv infers that the stars in llie latter ffroup 
most hiivr sturti'.l 1.5 nnllion years ajjo from a inueh smaller volume of 
s|taee than tia v n«*H oeenjiy. ’I'iic most liireet intcrpridation would be 
ti» assume that liie stars have actually been Ibrnual from the interstellar 
yas at that epoch. Hut wliv iliil they start movin}f away from each othi'r, 
ami with siieli lii)»h vclia'iliesY 

It seems mtiiealed fti seek the answer in the cxpansional motions 
that, as we have just eousidered, must he set up in tiie cold rcffions 
surrouuthns» the mni/.eil nebula around a newly born O-star (or jfroupof 
O stars). Ue do not kintw how these primary O-stars were formed; wc 
have III iireep! this as a faet of observation, lint it is tempting to think 
that suhsei|iii nlly the strong eotnpression in the .surrounding cool clouds 
will haul to the I’ormntion of new early-type stars that then would share 
theoiitwiird motions that the ioni'/ed region has imposcil upon tlicsc 
clouds. The cxpnusiuii of the assiK'iations of carly-tyjic stars would in 
this wav la-come uiidcrsfaudahlc. 

This picture of the origin of the exiMtnding motion rd’ the as,soeiations 
Hods some s isiblc support in the clmiii-likc dark regions of small angular 
dimension and presniiiably very high density that arc found in severni 
of ihe large I'missioii nebitine. .\s an I'xample I may once more refer to 
Miiikowski's arln le on Ihe nehulne arotmtl NtJC 2*244. 

In the \ W ipindrniit of lids nehuin we find a chain of .small, irregular 
dnik eioiids m whieli. judging from their dimension and alssorption, ihi' 
di iiMts IS of )li« order of H»* atoms per cm®. They give tlie impression of 
having b«i It forimil bv eoinpressioii of a cool nebula liy the ionized 
regiidi. That stars miiv l»e forming in this eompressed region is inilieated 
bv th« pirsi nee m jusi this part of the IVlonoeeros nehula of numerous 
so ealh'd s;jobiili s; deSnehed. roundish, tliirk patches of minute dimen¬ 
sionTill 11 is ‘.nine groimd for the Kiipposition, made hy Ilok ami others, 
that sm li t'lobiiies represent an early stage in the (iroeess of hirth of 
■.tors. Th) tlmsiiy esimmfed for the chain of dark clouds mentioned 
St eite. lo bf oI *l» right order to make possible eoiitraetion of the inler- 
*.!. liar iohH. r mit* sli liar ohjeets in times comparable to the presumable 

f, . «■ S . « I , * llsi. ‘ ti * >■ f 
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If our hypothesis concerning the origin of the expanding associations 
of stars is correct, there should be two categories of early-type stars, 
viz. the primary 0-type stars formed once in a long time when, accident¬ 
ally, somewhere in a cloud complex sufficiently favourable circumstances 
for spontaneous star formation occur, and, secondly, the secondary 
early-type stars formed in the large compressions caused in the cool 
cloud complex as a consequence of the expansion of the ionized region 
surrounding the primary 0-stars. 

If the primary 0-stars are formed in a region of very irregularly 
distributed matter, it may happen that isolated dense clouds obtain 
quite high velocities by the rocket effect due to the continued ionization 
and ‘‘evaporation” of hydrogen from the face directed toward the 
0-stars. It is possible that in this way the remarkably high velocities 
shown by a number of 0-type stars as well as by some interstellar clouds 
can be explained 
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CHAPTER 29 


DISCUSSION ON THE EXPANSION OF COSMIC 
CLOUDS AND ON LUMINOUS FRONTS 


Chairman: Dr. T. G. COWLING 

Savedoff: It has been suggested by Oort that the energy of the 
interstellar medium is derived from the expansion of HII regions 
around 0-stars. This mechanism has already been discussed by Schliiter, 
but I would like to make some additional comments. 

If we consider the idealized problem of the motion engendered by the 
creation of an 0-star in a homogeneous medium, we are first concerned 
with the time scales of the various phenomena. For the Orion nebula 
with a density Wj, = 3700 cm-® and a radius of ^ parsec, we have a 
region consistent with a Stromgren sphere ionized by the 06 star in 
the Trapezium. The surrounding larger area is weakly ionized by the 
general field of early type stars. In the dense parts of the Orion nebula, 
the ionization time scale, t ^ll{n a v), is about 50 years. This is the time 
in which the number of protons will decrease a factor e by recombination 
in the absence of ionizing radiation. Further, since the temperature of 
an H II region is about 10.000° K, a sound signal can traverse the J 
parsec radius in about 50.000 years. As the Trapezium stars are probably 
older than this age, we expect to observe the hydrodynamical effects 
produced by the large pressure difference between the H I and H II 
regions. 

The observations by Campbell and Moore indicate no spherical ex¬ 
pansion as we might anticipate. There are indications of a velocity 
gradient across the face of the nebula. The Orion nebula is apparently 
situated on the face of an extremely dense H I region for which an 
opacity of approximately 10 magnitudes per parsec has been estimated. 
Perhaps this is connected with the peculiar symmetry of the expansion ? 
If the absence of an expansion is to be attributed to gravitational or 
other forces preventing the expansion of the H II region, one would 
expect to find a collapse of the surrounding H I region. This is not 
observed. 
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I believe the Orion nebula is the only H II region in which detailed 
velocity measurements have been made. Other regions appear to be too 
faint for comparable study. Thus the absence of a definite expansion in 
the Orion nebula leaves us a little uncertain about the process suggested 
by Oort. I may add that the nebula is not held together gravitationally. 
The velocity of escape with the estimated mass is 1 km/sec, the thermal 
velocities of the order of 10 km/sec. 

Thomas : I do not understand Savedoff’s comment that no hydrody¬ 
namic effects can be present. He has assumed that he suddenly “^turns 
on” the 0-star, and in 50 years an H II region | parsec in radius results, 
with a pressure discontinuity of magnitude 200-300 on the boundary. 
Clearly, 0-stars are not created in 50 years—I am not sure how long it 
takes, but certainly longer than this. Consequently the H II regions 
builds up slowly, and we should expect any pressure discontinuities to 
propagate outward through the gas. Indeed, even for 100° K for the 
low-pressure side of such a wave, a pressure discontinuity of the order 
mentioned will travel with a speed of 25 km/sec and traverse the |- 
parsec in 2.10^ years—which is still young for an 0-star. 

I would prefer to see a treatment which considered the gradual evolu¬ 
tion of the H II region as the 0-star evolved along the path which has 
been suggested several times at this symposium, a condensation and 
contraction and gradual building-up of the high emission by the 0-star. 
It would be very surprising to find abrupt pressure discontinuities arising 
unless it is wished to introduce nova-like outbursts. I believe Oort’s 
characterization of the 0-star production as an “explosion” is most 
misleading—a “low-order conflagration” would be a better term. 

Savedoff: I quite agree with you that it is desirable and, indeed, 
necessary to develop a theory in which the 0-star is born gradually, in 
the time of 10® years, say. Sharp discontinuities will persist for a time 
longer than the time of star formation, when the density is such that 
the distance sound travels in the time of star formation is comparable 
to the radius of the H II region. At a later period I would expect 
approximate equality of pressures which is the condition that charac¬ 
terizes a conflagration. 

Fuenkiel: When Minkowski showed his photographs of nebulae, I 
was rather struck by a certain analogy with photographs of exploding 
sparks obtained in our laboratory*. These experiments consist of ob¬ 
serving the behavior of a mass of air heated by the discharge of an 

* Due to the courtesy of Dr. FrenMel and Dr. Minkowski, an illustration has 
been prepared for these ProceftHin^ys is shown onnositA tin's nnw Th(» 



NGC 1501, a, pliiiietary lu'bula, ol* ap- Flame pr()}>a^'ati()n in a turbulent 
parently turbulent eliaraet er, Kstimated stream. Ten fold exposure of flame at 
distance .‘1400 parsec; estimated dia- 400 mieroseconds after ignition in a 
meter 0.0 parsec. stream of turl)ulent gas with velocity 

50 meters/second. Diameter 7 millime¬ 
ters. 

The similarity of lh(‘S(‘ pietur(*s may not mean a i>liysieal similarity of the pro- 

(*esses involved. 





DISCUSSION ON THE EXPANSION OF COSMIC CLOUDS 161 

electric spark, or the propagation of flames from an electric spark placed 
in a combustible mixture of gases. In both cases we have studied the 
gaseous expansion which is often accompanied by a shock wave. The 
discussion of Oort and Savedoff makes me believe that in addition to the 
similarity between the photographs of electric spark discharges and of 
nebulae, there may also be an analogy between some of the physical 
phenomena. If so, it may be possible to plan some laboratory experi¬ 
ments which will be of interest to astronomers. I shall indeed give more 
thought to such experiments in the future. 

Blaauw: The interstellar Ca+ ions in front of the Orion stars show 
strong negative velocities. I hold this a clear indication that most (or at 
least half) of the Orion nebula is in a state of expansion. What evidence 
does Minkowski have for the absence of expansion ? 

Minkowski: In as much as the measurements of Campbell and Moore 
and Fabry and Buisson showed systematic velocities, it looked more like 
a rotation than an expansion. To Savedoff’s problem I should like to 
remark that, no matter how fast the 0-star starts, the nebula should 
expand if the 0-star is in it now. But there are strong differences in 
form. Some of these huge nebulae show distinct ring structures (e.g. 
Monoceros) and others are extremely confused (Orion, Trifid, etc.). There 
may be a reason for some nebulae not to expand. The Ca*^ clouds may not 
have the same velocity as the nebula itself. 

Oort: I see no support for Minkowski’s suggestion. There is fair 
evidence that expansion occurs also for nebulae that have not a ring 
structure, e.g. M 16. As to the observations of the Orion nebula, it is 
possible that a dense cloud stops the expansion in one direction. 

Minkowski: I agree that a lateral expansion of a plane sheet, when 
viewed obliquely, would be an alternative explanation instead of rota¬ 
tion. 

Zanstra: This is analogous to the dilemma with the ring nebula in 
Lyra, which for a long time was thought to be rotating, because the 
distribution of brightness in the spectral line is asymmetric. 

Kantrowitz: I should like to mention the connection between the. 
physical side and the aerodynamical side of Savedoff’s problem (opacity 
and shock waves). If a shock wave moves faster than 2.10® cm/sec, then 
it will produce ionization and make the gas opaque to free-free radiation. 

Oort: But the process determining the extent of the ionized region 
is the ionization from the ground level, the opacity for which is not 
affected. 

Kantrowitz: If one assumes that the luminous edges are shock 
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waves, and if one assumes also that the motion of the gas clouds is 
controlled by regional magnetic fields, then there should be some relation 
between the direction of the magnetic field and the direction of the 
luminous lines. Has any such correlation been observed ? 

McCrea: Have all speakers satisfied themselves that gravitational 
effects are unimportant ? Is it not a fact that the velocities of the stars 
concerned are predominantly recessional ? 

Oort: The gravitational effects are negligible except, perhaps, for 
the very big cloud complexes. The radial velocities of 0-stars are positive 
and negative, entirely at random. 



CHAPTER 30 


ON THE MOTION OF HI AND HII REGIONS 

BY 

K. SCirATZ:MA.N and F. D. KATIN 
Paris, Manchester 


(1) \Vc c“()n.si<lc*r ({uantitatively tlie j)rol)leni of tlie motion of H I and 
I! II r<‘<fion.s, foUowiiijn; the remarks of Savedoff, Schliiter and van de 
Hulst at this eonferenec. * 


(2) The mzf of the H II region. Around an O-star there exists a zone 
of ionized hydrojfcn, iiere ealled rej;ion A, in whieli the density is 
atoms per <'m'‘ and whose size is determined i)y Strdrngren’s formula 
Its radius tlwrefore \'aries as Hni)pose that the matter ii\ the 

zone is movin<f outwards. As the density of matter falls in the zone its 
ra<lius fjrows. 

Let « ^ he the spewed of motion of tlie material at the boundary of 
region A, which we call tlie ionization front. In a time interval df the 
density elian/^c's to ■n .^ j <bi^ and the radius of the region increases by 
I hit, where dr^jdt. 

Now 

dr^ 2 


or 


U -- 


2 rA 

» 


dn^ 
dt ' 


0 ) 


4 

In this int<‘rval the s|>here whicli eontoins :rj: 
its radius by u jdf, and sn 


so that- 


1 ’•s <•«.< 

~ n dC’ 

U 2 . 


( 2 ) 


(8) 


\V«* folhiw cios<‘lv tlH‘ (i<‘rivulion prenented at tlu* sympositim. For latiT work 
on rotated i>rot>I<uus s<s‘ rctVrcncoH 
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(8) A shock wave is formed in the HI region surrounding the ex¬ 
panding H II region. Going outwards from the star we have, therefore, 
regions A, B, C: the H II region which we have discussed, a compressed, 
and an undisturbed H I region. 

Let Uj^ be the particle velocity, the particle density and the 
pressure in region B. We have the equation of conservation of matter 

(U — Uj^)n^ = ([7 — Uj)nj^ 

or, by (8), (2u^ — u^) == Uj^. ( 4 ) 

Using (3) and (4) the condition of conservation of momentum may be 
written 

PA — ps=nj^msUj^(u^ — Ujs). (5) 

Here = mass of the H atom. 


(4) The shock wave. We have the usual conditions at the shock front, 
i.e. at the B-C boundary: 


Conservation of matter 

0 

11 

1 

(6) 

of momentum 

1 

0 

II 

(7) 

of energy 2 ^ + 

1 / Y _\2 -3. 5 1 1 y2 

2 ^ 2 nij^ '2 

(8) 


It is assumed that only the kinetic energy of the particles changes 
at the shock front. 

With Pjs parameter we find the usual formulae: 


^ ^ ^Pb+Pc 
~ ^Pg+Pb 

_ ^(Pb Pq) 

Meanwhile by (4) and (5) 

_ 

2n„ — n . 


(9) 

( 10 ) 

( 11 ) 


( 12 ) 
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Pa 

nA Uu m„u 

/ (w,4 — W/i) 


. Pn ^ 


“Xi)“ ~.' 

Let 

Ph 

Pa 

*»’ (< 1 )< 

n., 

„ -UM). 


rsiii||(16) aiui (11) in (IS) we firul 


1/ 


»(1 ^-.(OM-tl l+(s^-4).cl 

■ i 1H5"1 1- 

(U) 

i^PvVI. (1—.f)(4 ha-yUS 

(15) 

^ 1-1 -2 (1—2).)-:i ■ 


The nuxit^l is (*orr<‘(‘t if 2 < I”, i.(T if the speed of the ionization 

front is I(‘ss tlian that of the slioek front. With the aid of (9) and (15), 
aiul a,ft(‘r a litth* r(‘<lueli()in tlie eondition hc^eomes 
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WlH‘n 0 * »r I and ^ 1 this is <‘C‘rtainly satisliecL 


(5) 7\vo numvrival (wampks. Two partieular eases an^ worked out 
iuimerieally in tlu* tahU^ IkIow. Th<‘ ternp(‘rature.s 1\, ( pfijlmfi) and 
'^\ii Uikvn to he 100 and 10000 ®K, r<‘sp(Kd;iveIy. The 

fiudt>r 2 in the* <i<'nonuiuitor of tlie expression for T ^ oeeurs Ix^eanse in 
the kanzcal n^oion then‘ are two particles per II atom. Tims 
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0.00 M 

14.2 krn/sc‘<* 

1(!.7 km/.s('c 


10 

20 

0.010 

BM km/se«* 

4.4 kni/s('(! 

8.27 


r 2ttj has the valu(‘s 2.5 and 1.1 krn/s<a% r(*sp<a’tiv(ly; in the lirst 
(’ase the dilTerein’e is small <‘<anpare<l with T and 2^^. Now our ittiplieit 
assumption (jf tia* eoiistamw of 11^ in tiu' H napiinss that tln^ 

(‘ondiiions there res(anhlr those in a plain" slab. This is true wluai tlu^ 
slioek and ionization fronts are close togeth(‘i% as tliey will hc^ in the first 
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At first the H II region expands relatively fast, with a speed of about 
10 km/sec, but this drops gradually. At 10 km/sec it takes about 10^ 
years to ionize a sphere one parsec in radius. To judge by van de Ifulst’s 
qualitative argument and Laporte’s remarks on Taylor instability it 
seems likely that the ionization front is unstable with respect to defor¬ 
mations of some kind. By breaking up the H I region into isolated zones 
immersed in ionized hydrogen, this instability will help the radiation to 
penetrate into the neutral hydrogen and will speed up the whole 
process. 
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CHAPTER 31 


PROBLEMS CONNECTED WITH THE ORIGIN OF SPIRAL 

ARMS 

BY 

C. F. VON WEIZSACKER 
Gottingen 

I do not intend to discuss general cosmogonical questions, but it may¬ 
be worthwhile to discuss the observational data presented here as far as 
they refer to possible changes in the structure of what we now call the 
spiral arms in our own galaxy, and to compare them with our knowledge 
about other galaxies. 

Some care is necessary in the use of the word ‘spiral arm’. Its meaning 
may not be quite unambiguous. We may tend to call phenomena of a 
very different nature by the common name of a spiral arm. If this should 
be so, it would not be surprising because any deviation of the rotation 
from the uniform rotation which would correspond to the motion of a 
rigid body will tend to exert a shear on every structure that may be 
formed inside a galaxy. Hence we should expect that all individual 
structures which stay in existence for a sufficiently long interval of time 
will be more or less distorted into a shape which would look like a spiral 
arm or part of such an arm. 

There is one feature in common to all spiral structures that have been 
found so for: They are always connected with interstellar matter- We 
see spiral structures of dust, of emission nebulosities and of those stars 
that belong to population I. With the possible exception of barred spirals 
the spiral structure does not seem to be visible at all, if we picture 
a galaxy in which only the population II stars are visible. This fact 
is not sxirprising. We know that the mean free path of a star with 
respect to gravitational interactions with single other stars is larger 
than the diameter of a galaxy. Hence no hydrodynamical approximation 
can be used to describe the behaviour of a system of stars. Structural 
details of star clouds will tend todisappear unless they are gravitationally 
stable. On the other hand systems which can be described in the hydro- 
dynamical approximation, like n*as clouds, will show the phenomena of 



turlmh'iu’i'. (’<tni|>r<‘ssilti!ily atici sluK-k wavi-s, alt tifulnrh Ini.i to jtro 
dmallilNC structures which ran Ih- ilistnrtei! by iliffercutia! rofalioi). 

The <ihsi-rvafioiial faets whieh have a la'aniiy utj «»iir ju'oliiim can he 
eonsideretl in three different Knaips: thnse referriiitj to liarisd s|tita!s. 
t(» (irditiarv spirals and to (»iir own galaxy. 

In liarreti spirals tlie <'xistenee of precisely two spiral arms is inost 
eonspietams. The arms s«s*ni to he predoiipitions of the bar. l.*>ol»iin' at 
th<‘ pictures of bnrrisl spirals we would eoiiehiile that there is differentia! 
rotiition in their outer parts wltieh distorts the prolon^fjilion mio spiral 
.shH]>eand whieh liiiully will leave them in the for»n of the oul> struelnre 
wiiieh is stable with resja*et to the shearinjj tendrm*y. niiinelv a riiiK. 
I’ntler this p<iint of view the rinfj se«-n in the W s|drals would have to be 
eonsidered not as an early structure hut ns tlie residl iif a x erv eomplefe 
distortion, 

Yet there seems to Ik* a difUeuIty in this interpretation of the burred 
spirals. One would expert the bar to rotate tmi, Oynnmieally this M*ems 
(juite plausible. We would then eompare the bar with the %vel! kin»wn 
prolotiKatMl ellipsoids orJaeohl nsrsi in the theory of rotatiuM in«*oin- 
pressilde tluids. We would further have to eonehale that the bar is 
rotating with strietly uniform velireity Iwennse it does not show any 
spiral distortion in itself. In some eases (or in all eases) the mieleiis of the 
bar might rotate with a higher angular veloi’ity than the Imr itself 
because, as Dr. Hubble has pointed out. there are eases in whieh a spiral 
structure eau he seen inside tlu! niielens. However, Dr. Minkowski 
informed me that Maynll lias seurehed for rotation in the liars and has 
not been able to imd signs of rotiitioti there. I do not know what other 
model eould he {iropcised that would explain the observed features of 
barred spirals without a rotation of the bar, thus the problem of the 
barr(‘d spirals probably eaimot 1 h* fully imderstoml to day *. 

In ordinary spirals we see all transit ions la'tw'een the ease of pn eotely 
twoeoherent arms whieh may Iw wound around the eenfre sm, era! limes, 
ns in the ease ol M It I, and the other extreme of a great many spirally 
(listorted lumps of matter, giving the general isupressmn «.f spiral 
structure without any very long stretched arms. H seems ddhi uU to 

* Note added after the symjMwitnn! During tlie syiniiosiiiin t wo-te a li tter !*• 
Dr. Mnyidl ationt tliis point. In ids answer he told me that »«• is jiui , ».mph imi; 
the nieawirenient, of spr-etnim line ineliimtions fnnn wliieh rotiitiniis , „}» di dm'd. 
With respect to the Imrred splrids lie goes on wiying; ‘'tthat Minlo.wa.i told von 
IK eorreet, hut of a prelimiimry nature. There enii In* Httle douf.f ttoit li-or.-d ■.jimih, 
rotate, tint evidently some of tfiem turn so slowly Hint their *|M'. tmm Ime. .oe too 
httle melined for im-nMiremeid witii the Crimsiey nel.nlitr hpi-. iroj.r.iph," 
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understand liow precisely two spiral arms should have been formed 
without the influence of a far reaching field of force, such as gravitation 
or perhaps a system of magnetic fields connected with a current system. 
Even if originated in such a way, the two spiral arms would probably 
not preserve their identity for a time comparable with the age of the 
galaxy except in a region of the system where rotation is nearly uniform. 
In a region of marked differential rotation spiral arms should be de¬ 
stroyed by the shearing effect, and the fact that they are still visible 
would probably necessitate the assumption that they can be formed in 
recent times. Qualitatively these considerations seem to be supported 
by the observation that in M 31 and M 33 the empirical law of rotation 
does not deviate appreciably from rigid body rotation in those regions 
of the system in which two spiral arms can be clearly distinguished on 
the prints available in published literature. 

With respect to our own galaxy I want to stress the difficulty men¬ 
tioned by Dr. Oort, with respect to the possible lifetime of the spiral 
arms observed by Morgan to which the spiral arms seen on the pictures 
which have been shown to us by Dr. Bok may be added. Even if the 
spiral arms should be gravitationally stable, as it is assumed in the paper 
by Fermi and Chandrasekhar, this stability will only refer to lateral 
expansion, but will not counteract the shearing effect of differential 
rotation efficiently. This difficulty might induce us to assume, that we 
are not living in a region of the galaxy in which rather stable long 
stretched spiral arms exist and that Morgan’s arms are more or less local 
clouds whicli are spirally distorted rather than parts of arms which 
would wind all around the system. 

On the other hand the observations in the 21-cm range reported by 
Dr. Oort indicate the existence of a structure winding around the centre. 
If such a structure should be stable for more than a few hundred million 
years, no other conclusion seems to be possible but that it is not a spiral 
but a ring of more or less circular shape surrounding the galactric centre. 
If this were true, Morgan’s spiral arms would rather be comparable to 
condensations within such a ring which should be tilted with respect to 
the tangential direction of the ring itself. The structures observed in a 
distance from the galactic centre comparable to that of onr sun cannot 
cpiite easily be compared to spiral arms in M 81 or M 33 because we are 
living in a region in which the law of rotation is definitely different from 
uniformity. 

I should like to make a few remarks about the questions raised by 
Dr. Cowling in connection with the paper by Fermi and Chandrasekhar 
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as to the gravitational stability of spiral arms. I feel this is one of the 
questions which cannot be answered quite easily. The fact tiuit Fcn’mi 
and Chandrasekhar found a very plausible value of the nnigiudic^ Ueld 
strength from the assumption of a gravitational stability of s})iral arms 
does not in itself prove that arms are stable. It may also be due to tlie 
empirical fact that there is a rough equality (theoretically sonudimes 
interpreted as an equipartition) between the energy densities of turbu¬ 
lence, cosmic rays and those magnetic fields which must be ])ostula,ted, 
if we want to explain by them the interstellar polarisation atid the 
apparent fact that cosmic rays are kept inside the galaxy. This is true 
because systems which form parts of a galaxy must be on the verge of 
gravitational stability, independently of their size, if their inner energy 
is comparable to the kinetic energy of their share in the rotation of the 
galaxy as a whole. For the sake of simplicity let us compare the galaxy 
to a ellipsoid of homogenous density in which the centrifugal force due 
to rotation is just compensated by gravitation. If we then cut out of that 
system .a smaller ellipsoid similar in shape to the total system and if we 
give the smaller ellipsoid the rotation corresponding to its angular 
velocity in the larger system, it will just be in the same state of precise 
compensation of rotation and gravitation. In fact, the gravitational 
potential energy of a system of a given density and a radius /i, from 
which follows a total mass M ^ will be proportional to 

U G M^jR = G 

On the other hand the kinetic energy of rotation in a uniformly rotating 
system is given by 

2 ^ = ^ ~ R^co\ 


This means that for a given density both the kinetic and the gravita¬ 
tional energies are proportional to the same power of R and lioncc will 
not depend on the choice of R. 


If we now ask how spiral arms can be formed, I confess that I do not 
see any other cause for their formation than the combined (iffects of 
mbulence, compressibihty and gravitation. In order to calculate; tlicse 
^ects we ought to have a mathematical theory of turbulence at high 
Mach nunibers. This theory does not yet exist. But I should like to make 
f ® possible nature. Dr. Lighthill said yesterday that 
to ™bers the sound emitted by a turbulent flow will tend 

to be transformed into shock waves (N-w&vts). I think this is true not 
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only for the sound but for the turbulent flow itself. Probably we should 
think of the irregular motions at high Mach numbers as of a statistical 
ensemble of shock waves. These shock waves may very well produce the 
density fluctuations which seem to be necessary in order to form new 
clouds when the earlier clouds will have been destroyed by the shearing 
forces. Dr. v. Hoerner will give you the results of some calculations in 
which the perpetual formation and destruction of spiral arms according 
to these views is considered. 



CHAPTER 32 


CONTRIBUTION TO THE TURBULENCE THEORY 
OF GALAXIES 


S. VON HOERNER 
Gottingen 

I 


In 1948 V. Weizsacker ^ tried to give a hydrodynamical picture of the 
origin and development of galaxies.—This theory offers two possibilities 
for obtaining predictions about the change of areal density as a function 
of radius. 

1. A rotating gas cloud, which is stable with respect to gravitation, 
contracts to a flattened disk by the decay of its inner turbulence. The 
radial distribution of areal density in this state may be similar to a 
Gaussian curve. For such a disk, which rotates in its own gravitational 
held, one assumes m first approximation equilibrium between gravitation 
and centrifugal forces, with the turbulent friction as a small disturbance. 
This friction has the general tendency to transfer matter towards the 
centre in the inner part of the nebula, and towards the outside in its outer 
parts The corresponding equations have been derived and discussed by 
TrefftT*^'^^^'' ’ solutions have been given by Liist 3 and 


sv^retr^l^T valid for rotational 

dependence of the central force (and 
therewith the angular velocity) on the areal density and vice versa Wis 

S tirteansflit T IT ^ matrix 

nrobler® -W I n depend on the special 

dtv^Lo I WewT between density and angular velo- 

cRy into V. Weizsacker s formulae, one obtains a linear system of eoua 

thfiXenorof 

ous estimates. After 

y j density as a-function of radius 
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decreases from arela“tiv<ely high v’alu.ea,t the ceii-tie first steeply and thea 
mare sloYvly. The distmctioa hetweea thie cusp a,t the centre and the 
flai:teir soxrona dimg regL on ina.y be quite marked. 

The coni eiisatLon of :a considerable amount of inatter into individual 
stars, vbicbsetsijilatterjenLds thishydrodynaini cal dev^elopment, so that 
there caobooxily snuali changes of the total system thereafter. 

^.Accordingto v. ITeksaelcer "^the spiral arms can be understood as 
cloud like accuxniLlatioiis ojf the dust and gas, leftover after the birth of 
the stars. These hig: acciunnalatioiis are created a,nd destroyed by the 
turbuLleirce caimirng from the differential rotatiooi of the nebula. The 
differential rotation in turnis rosponsihle for the deformation of clouds 
of any strap e (during tlieir life time) into spirals. A considerable influence 
of gravfcation on the fornLation of big clouds might lead to a preference 
foir the development of just two arms.—^The early stars, v^kose presence 
is characteristic for the spiral arms, could be there nevly generated or 
merely r-ejui 7 ei:iated. 

Iffchh tlicoryis corre^ct, itshoxrld he possible to obtain the dependence 
of angular-velocity onthe radius froirx tlieshapeof the spiral arms As¬ 
suming <as a first approxL ma,tiom) eqailibrium between gravitation and 
centrifugal focces, this yields the distribxition of mass. As parameters 
we need the age of the sarins etnd the total mass of the nebula. The age of 
long nnd voiind- aroiin d a^rms shomld he nearly the mean lifetime of the 
biggest turbulence eddies and has been estimated as 6.10'^ years, the 
total mass being taken as 10*^* g. TVith a mean spiral shape, obtained 
from 5niebnkc,mn(L with different values for the mean age, the calcula¬ 
tion gar e in all cases qaalitati-velythe same picture as found in section 1: 
aeu&pattheeeDLtre aada slow decay in the outer parts. 

S. In order to conpa^re the above results with purely empirical values, 
tke radial distrihiifciom of Inminosity was taken as the mean over 5 
nebulae- Again we obtain a, ce:ntral cusp, especially pronounced, and 
outwards a stow decay. 

¥e (>htaine(l qualitetively the same results by use of independent 
methods, fund this may he regarded as aa argument for the applicability 
of tlictnrblife nee theory. In 3 II investigated cases the mass of the centre 
w as esti niinteci: it lbs b ct veen 3^% and 8% of the total mass of the nebula. 

II 

A fuxtlicr applbation of the theory "was made in a p^p^r on the 
spectrum <)f fur Ibul once in the Oriou nebula^. The radial-velocities of 
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Campbell and Moore were treated statistically and were found to be 
in good agreement with the speetral law of turbulent motion, i.e. tlie 
mean relative velocity of two points is proportional to the cube root 
of their distance—A further result of this investigation was a value for 
the dust density in the nebula of 2 .IO -22 g/cm^ in the central reg-ion, 
and 5.10-23 g/cm^forthe whole nebula, insufficient agreement with other 
estimates. 

But it was not possible to explain the high value of the partial line- 
width due to turbulence. This gave a turbulence velocity for small 
areas which is 3 times as high as the extrapolated value from the spec¬ 
tral law.—With regard to the lectures of Prof. Biermann and Dr. 
Schliiter, we may perhaps eonsider this discrepaney as created by small 

irregular shock waves, produced by the influence of the hot stars within 
the nebula. 


REFERENCES 

^ C. P. V. Weizsacker, Z. Naturforsch. 3a, 524 (1948). 

3 C. P. V. Weizsacker, Ap. J. 114, 165 (1951). 

3 R. Lust, Z. Naturforsch. 7a, 87 (1952). 

* E. Trefftz, Z. Naturforsch. 7a, 99 (1952). 

= A. B. Wyse and N. MayaU, Ap. J. 95, 24 (1942). 

® S. V. Hoerner, Z. Astrophysik 31, 165 (1952) 

8 s' v' W. Heisenberg, Z. Physik 125, 290 (1948). 

S. V. Hoerner, Z. Astrophysik, 32, 51 (1953). ^ ^ 

® S. V. Hoerner, Z. Astrophysik, 30, 17 (1951). 

w. W. Campbell and J. H. Moore. Publ. Lick Obs. 13, 168 (1918). 



CHAPTER 33 


A MODEL FOR THE FORMATION OF GALAXIES 

BY 

D. W. SCIAMA 
Cambridge, England 


One might begin by considering a universe that initially is in a highly 
condensed state. The condition for an individual galaxy to form is that 
in a large region the density of matter must sufficiently exceed the 
average density, in order that the expansive tendency due to heat 
motion and other random motions may be overcome by gravitational 
attraction. If the universe is supposed to be initially homogeneous, there 
may not be sufficient time for the spontaneous appearance of large 
density fluctuations over extended regions. To overcome this difficulty 
Gamow has proposed that the universe may have been created in a 
highly turbulent state. Such an assumption, however, leads to other 
difficulties, since the properties of this primeval state of turbulence 
cannot be predicted without introducing a number of arbitrary further 
assumptions. 

In contrast with Gamow’s proposal, one may consider the steady 
state model advanced by Bondi and Gold. In this model there is a 
continuous creation of matter which keeps the average density of the 
expanding system constant, and all large scale features of the structure 
are invariant with time. Since we are not concerned with the formation 
of the first galaxy, we have the advantage that any particular galaxy 
is born into a universe that is already full of galaxies. Since the already 
existing galaxies continuously perturb the intergalactic gas, the possi¬ 
bility for the formation of new galaxies is always present. 

It follows that we must determine that distribution of galaxies which 
can propagate itself. According to views developed by Hoyle ^ and 
McCrea ^ the expansive tendency of the gas will be overcome only for 
concentrations of matter of a density of at least 3^, q being the average 
density. Hence we must look for a mechanism which can systematically 
build up such an increase of density. 

The following mechanism is proposed to this effect (see Fig. 1): 
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A galaxy with mass M. is moving through the gas with a peculiar ve¬ 
locity V, or, what comes to the same, gas is streaming with the velocity 

— V past a galaxy. Despite 
the expansive tendency 
of the gas, the paths of all 
particles lying within a 
cylinder of radius p„ of 

Fig. 1 . Flow of intergalaetic gas past a galaxy. order become 

convergent in consequen- 
ce of the gravitational attraction of the galaxy M. These particles 
consequently will occupy a region extending to a distance d = pj/2l 
from M, where I = GMI'V^ {G: constant of gravitation). 

In parts of this region sufficiently near the axis the density will 
exceed Sq, sq that a new galaxy can form through the action of gravita¬ 
tional instability. This new galaxy may escape into the general field, or 
it may be captured by the original galaxy and so form an embryonic 
cluster. 

We require that this mechanism should give rise to a distribution of 
galaxies whose average properties are independent of time. This re¬ 
quirement leads to several conditions which enable us to determine these 
properties. 

First, the new galaxy must have the same mass as the old. A detailed 
calculation shows that this condition leads to the equation 

F - 10 

With Q ^ 2.10 28 g/cm^ (the value for the steady-state universe) and 
M ^ 10^^ g this gives 

V ^ 10*^ cm/sec, 

which is of the same order as the observed peculiar velocities. 

Second, the average intergalaetic distance will be of order 

d ^ - 2.1024 cm, 

again in agreement with observation. 

Third, the mass M. can be determined from the condition for gravi¬ 
tational instability. The temperature of the gas can be presumed to 
be 104 since its rate of cooling rises very rapidly at this temperature 
(I owe this remark to Mr. F. Hoyle). This leads to the value of - lO^^g 
used above. ^ 
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Fourth, each birth process takes a time of order r (Hubble’s constant). 
This is the time-scale required in order that receding galaxies be replaced 
at the correct rate. 

Finally, it can be shown that this steady-state distribution of galaxies 
is stable, so that it is justifiable to compare it directly with the observed 
distribution. 

We may add that other properties of the distribution e.g. the rotation 
of galaxies the existence and separations of large clusters, the relative 
number of clusters of different sizes, etc. can also be obtained, but the 
existing observational data are not sufficient for a detailed comparison 
with theory 
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CHAPTER 84 


DISCUSSION ON turbulence IN GALAXIES 


Chairman: Dr> T. G. COWLING 


Gamow and I are looking into the pro- 

that thX tetX"Ssto °b T investigated assummg 

S5HSl5S5=5ar: 

We now consider a small solid angle with its aner in n.«i j 
exMng to successive lamentsftadia^ Xv”) 

"Xt: X sttxrr 

this volume is small compared to the scale^ofT^llf^i 

contained in a sample soHd angZe will flnctuatl munrth'’ **"* ““““ 

Theoietical equations can be given 

an“rZXX:n tacZZdXf’ 

cases: (1) in which the absolute mZtoL7 for two 

(2) in which the absolute magnitndls o7b ^ Salaxies are equal,- 
aeeording to an assumed functfon ^ distributed 
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From tlu! ffulaxy counts, one now finds the shuuliu’d deviation of the 
find ua.t iiifj nundicr of galaxies counted to limiting a.])|)a-rent magnitudes. 
A foinparisou of tlie observed points with tin; thcoridically derived 
curves should di'termine the general form of tlie correlation function 
and t!u‘ order of magnitude of the scale of turbvdcncc and standard 
deviation of this lluctnating density of the primordial gas. 

SciAMA ; 'riicre is no theoretjic^al prediction with whicli the result may 
be compared. 

(loi.n: Tlu; gas laiu's found by Zwieky between galaxies a few dia- 
nu'ters apart may bt? interpreted as the umbilical cord in Sciama’s theory. 

IIoYi.K: In ri'viewing the proces.ses that h'ad to the formation of a 
spiral arm, should wo. not say that the hero is 1 lu^ dust particle ? Presence 
or absenei' of <lust makes by its cooling effect a difference of a fac^tor 100 
in pressure. At the time of formation of the galaxy tlui temperature is 
probably liigh. During the later cooling dust particles may be formed in 
e<-rta.in regions. 'I'lu* pn'ssun* then tends to be (‘(jualized by gas motions 
along tlu' lines of the pre.ssure gradient. 

(ioi.n: Dust is a dis<‘ase. It breaks out when; mattx'r is cold enough 
t(» permit, the eondeusation of small particles. But in turn the presema; 
of dust particles priwides the most rapid agency for the cooling of gas. 
Das may remain hot; for long periods until it is “infect t'd'’ with dust and 
may tlum cool rapidly, eau.sing the formation of much more. dust. Some 
of that in turn may infect other regions. TIu' process of infection will, of 
<*onrs(‘, operate most decisively along planes of slusar in tlu! medium. 
This may help us to uiuh'rstand the occurrene<! of the long drawn out 
laiu\s of obscuring matter. 

.Minkow.ski : Tlu^ siiggeslion made by von VVeiz-sileker, that smooth 
spiral arms o<-eur only in the part of the ncbida that has solid body 
rotation, is not eorn'ct. All mcn,sured velocities in M .'kJ refer to gas 
condensations in spiral arms. 

\’oN Weizs.'u'kI'',!! : Hut arc the arms broken or snioolh? Is tluu’c a 
(liffcreiKs^ in .appearaiu'c l»etween the part that rotab's us a solid body 
:uul the part with differential rotation ? 

0(»ifr: Tlu* obs(*rvations arc difficult but I (’<*rtuiuly do not sec a 
slrikiiig (lifferi'iice. 

Mi •inzhl: H* \v(‘ r(‘ji 4 ‘anl ti galaxy as a mass of ioiuz(‘cl |xa.s, eortl.nu^iiu^ 
aravilationally In the pnhsenee of a uniform dynamo 

aotion ocaairs. Tlu* voIta.<!f(» est.ablishe(1 arotuiil th(^ loop is of the orch'r 
of volts. This produe(\s a, ringeurrent that builds up slowly with the 

firtie h’^'" the of the 
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()n<* can .show that tlw e’lri'lroinaifiif h«' furrr^ l.n,| |,, 
body to a.ssiimf a tlafhwvl ilinr khit|trtl furiu, |f s|„. , i,trrni 

now sepuriih* itself fntm the mitral muss, wr rsj»,, t 
to the Bnrml Spimls. Furl her rvuliilnm u( ihi I'lirmti l*» ,»rj»i.* ri* tnruf 
could conccivahly Ifiwl to llu’ riiriiiiitioii of *}nrrt! 

Von Karman: I have souir imivc ijiirsli.ins, Wlmf „ i|,^ ,}„^j 
mension hi these piidurrs of liars niici spirals ? 

Von WKizsXfKEtt: It b of thr onlrr of » few hiiialml j. 

one or two |>er«;nt of the diiimetrr of i}n’ di*|(. ’ ' ' 


Von Karman: So it is a hyilnalynaimeal tinililnn Iu.m ,« la ivimrs^, 
flat. Has this something to do with the |tulliiie out of i|,r llelmholf* 
vortex lines? If tlie lair, or am,, would Iw rotation ao.u.Id I;" ^ 
axis, then it would haven natural teiuleuey l« Iw ,,ullr«| out .„„t 

tlat and 


Von WkizsXcker: Perhaps to these «m| other rrmarhs 1 diouhl el*, 
rify the meaning of the word tiirladeiiee in this is.nneriioi, i hr ,s,ni. 
press,bihty changes if, i-ery mueh. Even inwdr ap.ral i.r„„ dr,,o,v 
differcnecs of a factor IfX) ,m- mimnoti. In tlmt owe ,t ,* .|,if„ni!i u, i ,|| 
about vortex motion and mrw adequate to talk aUmt ,v,lh..M,». 

of Ihc factr^'^' »‘»W«»dion b «„t handirappivl hy «,n kn-oi h 4 ,. 
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()n<‘ «ui .slitnv tlijtl fhr rit-rlnimnjjiiriM' i,u,i i,, 

body to jiKsutiit' n flattfiml in«ir k)iii|ini farm. If ihr rmy « orrrm 
now setiarnte itself from the eentral iiuini, wr i-jin r^|« , i 
to thelJjim'd SpimJs, FiiHlirr evoliitioii uf !h« ruryri,i r|. rn<i„j 

could conceivably Icaii to the fortiutlioii of ninrai urtm 
Von Kauman: I have aoine naive Himf Ihioj d 

meiusion in these pictures of Jtars ainl spirnU f ‘ »i* 

Von WkizsXikkk: It is itf the ooler of « hio.arrd i- 

one or two percent of the iliiiitirlrr «if flic 


VonKarman: So it is a hydr«alyi»«intral ,*r..hle.« hoi. n ta-,s.,„ess« 
flat. Has this somethiiiif to tio witJi the ptilhiig om „f ||rh„i,,,|,, 
vortex lines? If the lair, or umi. would Iw m n.tatioi, «r.,.ii,d tu lonir 
havcnniitiiral tendniey to Iw o„i ,„„j 


Von WkimXckkr: IVrhiips to these ami other re.mirU I dun.ld .-k. 
rify the meainns »f the wotsl tiirlnilenee in this j |„. 

press,bdity d,a„fre.s ,t very much. Kven (n«,de spiral arm. dr,„„v 
d fftrcnces of a la,-for lOOnre eonmion. tii IImI mse u dilficH t dl 

^ *‘**^«**‘’ .'..th.mok. 

of tlTfaeir^''' hy ao> !,4.. 
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ON CONTRACTION IN COSMIC GASEOUS MASSES 

BY 

F. HOYLE 
Cambridge^ England 

For all liy(lr<)(lynanH(‘, ])rocesses that may occur in cosmic gas masses, 
great invportaiuH^ is to b(‘ attaclied to sources of energy. 

Oort has nuaitioned (‘arly-type stars as a possible driving mechanism 
for motions in th(‘ intia’sUdlar gas/Fhere nuiy be other driving mechan¬ 
isms, asso(‘ia.te(l notably with the processes leading to the formation 
of gahixi(\s. Tlu‘s<‘ m(^<dianisms might easily set up motions with speeds 
of too km;s(‘e or inon% if there were no effective dissipative mechanisms. 

The following inockd will be discussed: Consider, as originally present, 
gas in a. v<‘ry largt^ vohntie, much greater than tlu^ prc‘sent volume of a 
galaxy, with a nuain density of grjimvK VVe also consider a time 
st^ah^ of 10^^ years or kmger. It is supposed tliat initially there is no dust, 
aiui no mok‘eul<\s. 

In this mass of ga,s contraction may occur through gravitation. We 
can se(‘ tluit tlu‘ (H>ntra.(‘tion has to be almost isothcunnal; for, so long as 
tht‘ banperaturc! is below about 10^ K, the Iiydrogcn is pra(vti(*ally im- 
i(miz<*(h and th<a’(^ is no radiative process for dissipating the energy 
rtd(‘as<‘d by contraction, so the temperature would tend to riscg on the 
oi lier hand if tin* temperature were high erumgli for an apprcauable frae- 
turn of tlu* hydrogem to Ix^ ionized, say 1.5 X 10'^ K, the ra,te of radiation 
by tlu* hydrogen would (‘xeeed the rate at which (Uicrgy vva,s supplied 
by contracti(m, and tlu^ temperature would fall. It follows that the 
t<unperatur(‘ tnusl li<^ somewhere in the rang(^ UP K to L5 X 10^ K, 
which is a. m*arly isotluamud condition. 

Tlie tlu*rmal cmcrgy tha.t is made available by contraction is 

-.J/mIu M RThgiVJV), I 

is<)th<‘rnial 

when' M is the muss of the cloud, T is the tempenilun;, 1'^ the initiul 
vohune, Tthc' volume after eontractioii, and H is t lu; {fas constant. For 
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comparison the gravitational energy released during the* in 

approximately: 


GM^ 

F//3 


II 


Now the condition that must be satisfied, in order that eontraeli.ai 
shall take place, is that the initial gravitational potenfial is larger than 

twice the thermal kinetic energy (turbulent pressure supposed absent 
initially): 


lx ivr^ 

SMRT. 

Hence in the case where contraction takes place the (‘xpression 1 1 hus 
a larger factor multiplying the term in brackets than tlu‘ fnetor that 
multiphes the logarithmic term in I. 

of energy released by gravitation over tlie tliernial ener.rv 
«ted (and raduted away) n.u,t be a source of mass 
W and shock waves. Now unless a large propurti,,,, ..f Ibe ruergy 
se y gravitation is lost from the system liv riulinlidu tin- (,,n. 
traction cannot be permanent, since a permanent «iiilrm.|i..i, ilemiimis 
a OSS of energy from the system. A conversion of gmivi i ^ 

slightly greater than ^ MR T Ror T ~ i . 

decrease of volume leads tn mnov a- , r, too great, a 

as radiation, but in L feeding onh! 

the condensation. This can be^seen f J^otions that cun rc-expand 

brackets inn With the logarl;:^^^^^^^^ <>r the laeh.r in 

much larger than the factor in I when VIV be 

the generation of mass motions Whatb-iy^^^ nnplyiug 

occur the density increases and s^om that luii-.f 

thTt.'^^'^™^ --table against e^ndTa^Lfn ' 

that there wHl appear: oaensation. Hence wc must expeef 

(a) dynamical motions; 

(b) formation of sub-regions. 
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If now we consider a sub-region that is condensing, we must expect 
that, just for the same reasons, sub-sub-regions inside it will become 
unstable, so that a hierarchy of structures may be expected (forming, so 
to say, an instance of ‘‘gravitational turbulence”). 

The characteristic time scale for condensation is {q G)~^, So if we had 
a whole series of steps in the hierarchy structure, supposing the density 
to increase by the same factor in each step, say by a factor 9, the time 
required for each step would decrease proportionately by 1/3. The sum 
of times for the whole hierarchy sequence would be simply 

(qi g)~^ + 3 + § + ••••) = I 9 

where is the initial density. So a fragmentation along a very large 
number of steps of such a hierarchy sequence takes only a little longer 
than the time for the first step. 

Now what is going to put an end to such a hierarchy sequence ? Evi¬ 
dently the contraction will cease to occur isothermally when radiation 
can no longer escape from the system. This will occur when the frag¬ 
ments become sufficiently opaque. When will this opacity be reached ? It 
is tempting to associate the origin of Type II stars with this stage. 

A word may be added about a change over from an isothermal to an 
adiabatic situation. Contraction in the latter case yields thermal energy 
given by 

— j pdv == 1.5 MRT — l] , III 

adiabatic 

and the factor in brackets here increases more rapidly with decreasing 
V than the corresponding quantity in II. Hence in the adiabatic case 
there is no tendency towards fragmentation, except initially in the case 
where G MjVy^ is appreciably greater than S M R T. 

These remarks all apply to the early stages in the formation of a 
galaxy and depend on the absence of dust and molecules from the gas. 
The situation is different when dust and molecules are present. In this 
case we have to deal with low temperature clouds of gas. Here there is 
a problem to explain why such a cloud persists, why it does not collapse 
under its own gravitation in a very short time. The time scale (gG)"^ 
would make us expect, with g = 10““^^ gm/cm^, that condensation would 
occur in a few million years, yet it seems highly doubtful whether the 
interstellar gas clouds do all condense as rapidly as this. The following 
more or less speculative remarks are added on this problem. 
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I 


Oiif thni pnilmidy w«»rks ngiiittht jfriHiliilimi i'l fh. ju, ■. 

dt \ck>IM-(l in flu‘ iiit<TslrIlnr gm flinniyh tin* .tf i^di i 

i’rtnn early ty|n‘ slurn. Wln-ther this b tfin whole nlorv xei H,'. Mtin* e 
dnubtlul, Itowever. 01mervrtH«iii shnwj* ns rnllirr iiiun d* ii'.e f.i, tie 
of Kiiy 100 3 in iinm, tlinn we Nhoulii exj»Tt to tiiid on sin h a h, 
It is im.ssihie that tin- «»m!eiis«tion of the interslrllnr elmub m 
iimi (h the dense ghilmles in pnrtieuinr, is a nearly adinhnlie |inK'i v 
ennsecjnenee of tin* presenee of rnoleenles with high ojwieify in 
irilrared. If this is so, the whole eondensittion proeess iiiiist !«• rmije 
iliffemit, from that <k*serilM‘d nlaive. Indeed eondenHiifioti only oeenr 
n resnlt of rutliution emitted from the snrfaee of the ehmd. Now mt 
cause of condensation Iciuls to n very «bw sfirinkiige. Inkiiie mneh loi 


sufficient degree ofcontraetion, fragfmcntatimi must mtnir, for the miM»ii 
that sooner or later the tenijn'raturu inside a elond must riw high enough 
for molecules to become tiissocinted and for tliist to la> cvaiMirnted. It 
can be shown that such a situation will arise for ii globule of mass iCMt i) 
when the radius has shrunk to nlanit lO.cwHt astronomiea! unlt«, „t whhd, 
stage the internal temperature rines to several thouwuul degrees. The 
numlier density of atoms would then Im iilKint lC)»/em». The fragmentn- 
tion of such a globule would lead to the formation iif a shower of stars in 
a sma wlume, as seems to Im; indieatecl as the priwess of fonmition of 
lype I stars from the work of Blaauw, 


Dl«CtJ88!ON 

Batc-uki,()ii: (1) The distinction lietween iidnilwUe and isothermal 
uintraef,ion seems valid only if the pressure that opposes the eonlraelion 
l^s tlie kmetie pressure and not if it b the turhnlent pr.-ssnre. Th.- tune 
scale IS too long for the turbulence to give rise to an appn-eiid.ie Km t • 
pressure by means of ilissipation. so that there dia-s not seem 1 ’ I,.; 

pnLImr " ruimtkm ean affeet the turbulent 

(2) In caHicr distmssions we heard that gravitation was not rri, .md 

in the, formation of gas clouds. How is it that now Ift*vt<* u » 

diflieiilt to Ywimni- +1.., A » Him now uoyte >,«)!. Ih»! it im 
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Hoyle: Your second question is answered by the fact that I talked 
about very massive clouds, about 10® or 10^® solar masses. With regard 
to your first question: when I spoke about mass motion I intended 
turbulent motion to be included. 

Batchelor: But would not any small initial turbulence be rapidly 
amplified by the contraction ? 

Gold : I do not see the rigid distinction between thermal and turbu¬ 
lent pressure in this connection. 

Batchelor : The point I am making is that heat transfer by radiation 
can affect the turbulent pressure only after some of the mass motion has 
degenerated into thermal motion. 

Bondi: But if you bring the energy into shock waves, it may be 
dissipated at once. 

Batchelor: That may be true. 

Von Weizsacker: Until Hoyle’s theory has been extended to show 
how the clouds get rid of their angular momentum, I feel the estimates 
of the time scale etc. are not final. 

Hoyle: Indeed, I have not discussed a complete theory but only the 
first stages. Angular momentum problems occur later, in the pre-stellar 
stage. 

Von Weizsacker: I can see that contraction towards the galactic 
plane must occur, but not that the protogalaxy contracts also in this 
plane. 

Hoyle: This assumption is needed in order to explain the “halo” of 
globular clusters and R R Lyrae stars, which extends about a factor 2 
beyond the ordinary galaxy. 

Oort : That factor is about correct, but it is not very big. 
Kantrowitz : Why is the appearance of gas clouds so different from 
that of the Galaxy if they are formed by similar processes with just a 
difference of scale ? 

Hoyle: The physical conditions operative in the gas clouds of inter¬ 
stellar space differ from the conditions in the primeval cloud giving rise 
to a galaxy in two important respects. One is that ‘of rotation which is 
important in the present galactic disk, and the other is that of temper¬ 
ature. The temperature I took to be about 10,000° K in the primeval 
cloud. The temperature in the dense interstellar clouds is about 100° K. 
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CHAPTER 36 

MOTION OF STARS THROUGH CLOUDS: ACCRETION 

BY 

W. H. McCREA 
Cambridge, England 

The following is a summary of some of the work devoted to this par¬ 
ticular topic and is designed mainly as a guide to the literature. No 
reference is made to a great deal of other work that is highly relevant 
but is not principally concerned with the problems mentioned. ^ 

1. Problems of steady motion 

In the basic discussion a star is treated as an isolated massive gravi¬ 
tating body and (save in so far as it is disturbed by such a star) a cloud 
is treated as an unbounded uniform distribution of interstellar matter 
whose self-gravitation is ignored. (When required by considerations of 
convergence, ‘ cut-off” effects owing to the existence of other stars can 
be postulated.) The interstellar material, or medium, is taken to consist 
of neutral atoms and a small proportion of dust. This means that the 
medium can be treated as either (P) an assembly of particles that can 
suffer inelastic collisions, or (G) a gas that can lose heat-energy (by radia¬ 
tion). Two extreme cases arise in each treatment: P^ in which the 

speed Vof the star through the cloud is large or small compared with the 
mean thermal motion of the particles, and correspondingly G^, in 
which the star’s motion is highly supersonic or highly subsonic. Follow¬ 
ing Bondi, we call P^ and the velocity-limited case, and P^ and the 
temperature-limited case. In P^ and G* the flow is treated as spherically 
symmetric relative to the star. 

The object is to determine the flow in the medium, the rate of ac¬ 
cretion by the star and, in the velocity-limited case, the interaction- 

* In presenting his paper at the Symposium, Dr. McCrea quoted explicitly the 
chief formulae in the theory and sketched their derivation. He also quoted some 
of his numerical results regarding the possible formation of groups of O and B 
stars. 
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lor(‘<“ Itcf ween (lit' star and the cloud, assuming that a steady state has 
heen t'stahlished. 

Ctisr lltTc tile fundaniental work is that of Hoyle and Lyttleton’-^"'^® 
who rccoiinizcd the importance of inelastic collisions in the vicinity of 
lilt' '■‘ueeretion axis" and evaluated the consequent rate of accretion. 
Hontii and Hoyle- t'lahoratcd this work by studying the flow in the 
aeeri'l it m st ream: they found that this is not fully determined by steady- 
state considerations alone, though the rate of accretion must be between 
1.0 iintl o.il of that calculated by Hoyle and Lyttleton. Also Bondi and 
Htiylf evaluated the resisting force c.xerted upon the star. Dodd and 
MeC'rea'^ shtnved lat er that the value of the force is effectively the same 
even if all the niquirements for the B-H process arc not fulfilled; an 
eipiivalent nssult had alri'ady been obtained by Agekyan 

The possible astrojihysical significance of the processes involved had 
been appreciated by various earlier writers includingN5lke^®-^'^,Moreux 2 *, 
Brown ®, Moiseyev However, it seems correct to assert that 

a realistic di'seription of the physical conditions established near the 
aecndion axis, and of the effect of these conditions upon the inferred 
consequmiccs, hud not been obtained prior to the work of Hoyle and 
lytlh'ton. Tlie.se coiulitions have recently been further discussed by 
Lyttleton '“and by Bondi®. 

Cmr /’(. Some of the theory required has been given byElakinand 
Met'rea It can be c'omplcted by taking account of the establishment 
of an “accretion euvt'lopc” analogous to the “accretion stream” in 

Cit.sr (i^. With the aid of an electronic eomputor, Dodd ® has made a 
numerical study of this problem in the case of isothermal How. His esti¬ 
mates of the accretion-rate are of the same order us in P„. His work 
would have to be still further elaborated in order to yield an estimate 
of the forc<!. 

fV/.vc (»,. This has been suecassfully studied by Bondi * for the general 
[lolyiropic gas. Using his results and those in he conjectures a 
gciHTal approximate formula for the accretion-rate for a general value 
of r. His conjci'tun' is supported by Dodd’s results. 

2. Non-steady state 

Some features of the formation of the accretion stream when the star 
enters a boiuuh'd cloud luivc been studied by Bondi and Hoyle ^ and by 
Dodd «. 
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3. Applications 


In the context, these are to be considered, not for their general 
astrophysical interest, but as showing the possible significance of the 
processes here concerned and the problems that demand attention in 
this field. 

a. Applications to existing conditions in ike Galaxy. There is probably 
nothing that can yet be claimed as direct observational evidence for the 
occurrence of the phenomena concerned. However, since these pheno¬ 
mena are inferred so simply from general physical principles, there can 
be no doubt that they do occur. The question is whether they occur on 
a scale that produces effects of astrophysical significance. What is at 
present known about the physical state of interstellar matter scarcely 
suffices definitely to predict the effects; the procedure has to be to study 
various possible consequences, and, if these agree with observed effects, 
to examine the plausibility of the conditions required to produce them 
in this way. 

Of such consequences, the ones susceptible of most detailed study are 
those concerned in Lyttleton’s theory of comets and in Bondi, 
Hoyle and Lyttleton’s ^ theory of the solar corona; see also Hoyle 
These theories involve various interesting elaborations of the theory in 
section 1. 


The simplest application is to explain the existence of very luminous 
stars by the accretion of interstellar hydrogen as originally proposed by 
Hoyle and Lyttleton McCrea 20 estimates that the resisting force will 
cause a star to be trapped before large accretion can occur so that, if it 
does occur, it will do so as temperature-limited accretion. He finds the 
conditions required to produce typical groups of 0 and B-stars in this 
way to be not implausible (Me Crea 21 ). If the stars concerned are binary, 
^ere must be consequential effects upon their orbits as indicated by 
Hoyle and Lyttleton and further studied by Dodd and McCrea 
b. AppInccMons to the evolution of the Galaxy, The most far-reachinc 
survey of the possibilities has been given by Hoyle-; the possibk 
significance of accretion has also been discussed by von Weizsacker 29. 


4. r'ROBLEMS 


Aercd^am,ea.temperalure.limilei case. A study is needed o( non¬ 
steady float There ate numerous problems concerning the nossible 
occurrence ot shock-waves or other kinds of transition between 
types of flow, and of the stability of steady flows. 
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Jiriil-rcliH*ifij-lunited case. Further study is needed for vari- 
t>us tyiH‘s fhti'nuxiynainic behaviour of the mediumj in particular of 
the* ri'sistiuyr The pr(K‘esses affecting a binary star immersed in 

ih(‘ tiH tHuiu n^juire furtlua* elucidation, 

l\!jtrfs‘ stellar radiation* The extensive existing work upon the effects 
of stfllar radiation on tlu^ bdiaviour of interstellar matter has still to be 
r<‘iatc<! to the* prcsimi topics. In particular, if a star undergoes large 
atHTrlioiu the heating cl'lcct of its increasing radiation proliably sets a 
limit tlic protH\ss. Thcrt^ may be important dynamical effects of 
ratiiati<m prt^ssurc (Agckya.n ^). 

General. Tlw tdfcTds of the detailed structure and internal motions of 
tin* nit'dium, and thc‘ (‘xt<Rit to which these may themselves be affected 
by tlu‘ priK*csscs con<*c‘r!U‘d, should be considered. Also the gravitational 
cffccls of \hv uH’dium may have to be more fully taken into account in 
studying tlu^ motion of a- star through a cloud (this being a different pro- 
bkan from th«‘ one dealt with by Spitzer and Schwarzschikl^®). Finally, it 
is probably not yet understood how a cloud containing dust normally 
avoitls c*ol!iips€ under its own gravitation; were this known, the problem 
would mine m to %vhetlier the entry of stars can so modify the gravi- 
tnticmal field ns occasinttally to induce such a collapse. 

If the present topics can be sueeessMly dealt with, the most important 
iiKlrophysical proldem to which a solution could then be expected is 
probably tlmt of the origin of Baade’s two stellar populations. 


EEFEIIENCES 


* T. A. Arkyinu BokL AkinL Nank. 75(a) 861 (1050). 
s IL Itciidi imei E Hoyk% M.N., H.A.S. 104, 278(1044). 

» II. Ilowli, F. and It A. LyttMon, M.N., ItA.S. 107, 184(1047). 

^ If, titaulk M.N./h.A.H, 112, 105 (1052). 

It Bandi* La Ffiyskiur <\m C'otnHes (Louvain) Communication 28, 8S2 (1058). 
« K. W, Brown, Astriudiys* *L 53, 160(1021). 

^ K. K. tkuM iuid W. H. McVmu M.N., H.A.S, 112, 205 (1052). 

« K. N. Bodil, M.N., ItA.S. 112, 874(1052), 

K. X. Diakt Broc. Ciiin!>rldgc Phil. Soc. 49, 481$ (1958). 

K. N. Dodd iintl W. It 5IcCrca, not yet in print, 
n W. C. It Eiikin and W. IL McCrea, Froe. Hoy. Irisli A(‘ad. A 46, 01 (1040). 
F. Hoyle find H. A. Lyttkton, Proe. Cambridge Phil. Hoc. 35, 405 (1080). 

h\ Ilo>lc and It A. Lytticton, Proc. Cambridge Phil. Hoc., 35, 502 (1080). 

F. Hoyle awl It A. LyttMon, Proc% Chimbridge Phil. Soe. 36, 828 (1040). 

F. Hoyle and IL A* I.yttMon, Proe. Cambridge Phil. vSoc. 36, 825 (lO'U)). 



190 


W. H. McCREA 


F. Hoyle and R. A. Lyttleton, Proc. Cambridge Phil. Soc. 36, 424 (1040). 

1'=' F. Hoyle, M.N., R.A.S. 105, 285, 302, 345, 363 (1945). 

F. Hoyle, Some recent researches in solar physics (Cambridge) (1940). 

R. A. Lyttleton, The Comets and their Origin (Cambridge) Chapter HI n<)5‘0 
W. H. Me Crea, M.N., R.A.S. 113 , 162 (1953). ^ ^ 

W. H. Me Crea, Vistas of Astronomy, to be published,* J. Atmos, and Terrest 
Phys. (1954). ‘ ’ 

22 N. D. Moiseyev, Atti Reale Accad. Naz. Lincei (6) 15, 135 (1932). 

23 N. D. Moiseyev, Astr. Zhur. 9, 30 (1932). 

24 Th. Moreux, Origine et formation des mondes, Paris (1922). 

23 F. Ndlke, Abh. naturwiss. Ver. Bremen 20, 1 (1910). 

23 F. Nolke, Abh. naturwiss. Ver. Bremen 20, 29 (1910). 

27 F. Ndlke, Der Entwicklungsgang unseres Planetensystems, Berlin u Bonn 
316-320 (1930). ** 

23 L. Spitzer and M. Schwarzschild, Astrophys. J. 114, 385 (1951). 

23 C. F. von Weizsacker, Astrophys. J. 114 , 165 (1951). 


Discussion 

The description of the accretion process made it appear 
that the star would be accelerated, rather than retarded, because the 
ac^eted material would strike the back (“downstream”) side of the star. 

material concerned is captured by the star, the 
part cular feature mentioned by Kantrowitz would not produce an 
acceleration mat matters is the net transfer of the momentum of this 

tion. This IS taken into account by the theory. However, the main con- 
ibution to the retarding forces comes, in general, from the part of the 
cloud material that is not captured but whose motion is altered by the 
gravitational action of the star. ^ 

I would Itimlt^h^tTr’'— 

i would estimate that only inside a globule or in a very dense diffuse 
bula one reaches densities of the order of lO-^o to 10-21 g/emS the 

SaS tr or in dark clouds like the Southern Coal 

Sack, the average densities are not likely to be much in excess of 10- 

McCeea: In a cloud or cloud-complex of given total mn-sQ +1,^ + <. i 
number of stars that can undergo large aceretfnn . a ’ ^ 
does not depend very sensitively upon the densitv^Tm'T ^h'^ory 
set of values by way of illustraL ^ 

But I must emphasize that the theory should, and in fact does, offera 
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possililc explanation ot' the production of massive stars only in rather 
extreiiu' comlifions. For such stars arc only a minute fraction of the 
stellar population. 

OoKT: Otu' aspect, that MeCrca has not mentioned, worries me. It is 
anyular monicntum. Even if we disregard the angular momentum that is 
present systeinaf ically as a c-onsequcnce of galactic rotation, the angular 
nioinentum that is accidentally present in a large volume should be very 
big ■ big miongh to make accretion into a single star impossible. 

Honih: This problem will be discussed in my communication. 

Haves: How large is the mean free path compared with the tunnel 
radius? \ ou mentioned the two extreme cases: (a) hydrodynamical case 
ami (b) the Hoyh-Lyttleton theory. It seems to me that the question of 
the mean free ])uth is something prior to this distinction, for collisions 
are needed to get aeertdion in cither case. Are there enough collisions? 

McFhea: This (juestion has been fully considered by the originators 
of the tlieory and there seems to be no difficulty. 

Bikhmann: Yesterday we discussed expanding H II clouds. Now it 
can be .shown that under normal circum.stances accretion cannot occur 
in such a cIcukI, since the interaction between the gas particles moving 
to the surface of the star and the expanding gaseous cloud is by far too 
strong. Only one of the two processes can therefore take place at one 
time. Now the energy available for the expansion is normally much 
greutiT than that whii-h might be gained by accretion, hence those stars, 
whii'h cause the expansion by their ultraviolet radiation (via heat energy 
ami radiation pressure) cannot grow by accretion. An early type star 
accident ally truppisl in the cloud would therefore under normal circum- 
st.miei's not grow at all; hut perhaps a dwarf star may grow a little. 

What I just .said, may perhaps also be expressed as follows: As far 
us I he arguments under discussion go, there does seem to be no objeetion 
against the usual hypothesis that a star may be “born” in a cloud (by 
eonf fact ion of an initial condensation), but it seems unlikely that an 
early type star, after having “burned” most of its available hydrogen 
eontiTit. can la* “rejuv<‘nat,cd” by accretion of interstellar hydrogen 
(wliU'h. in casi- it could happen, would give it another li(c's|)an as an 
early type star). 

No'I’e m* McCiiea: I was not suggesting that, already massive stars 
are rejiuenated by aeendion; I was considering the possible formation 
of massive stars from stars initially of, .say, one or two solar masses. If 
such a star “may grow a little” then it is easy for it to grow a lot, until, 
in fact. a<*eretion is hult<*d by some such process as that contemplated 
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by Biermann when the heating effect of the star becomes sufficiently 
effective. 

Bok: Are inelastic collisions likely? 

Schatzman: This point is answered in my paper. 

Saved off: What is the fundamental difference between symmetrical 
accretion and gravitational contraction ? 

Biermann : In the first case a star is supposed to pre-exist; it radiates 
already and this radiation may impede accretion. In the second case a 
mass concentration is formed, but it is not yet hot enough to liberate 
nuclear energy. In this case a star is born, but the luminosity comes later 
than the mass. 



CHAPTER 37 


£tude physique DE L’accretion 

BY 

E. SCHATZMAN 
Paris 


1) L’hypothese de Faccr^tion sous sa premidre forme a et^ faite par 
Eddington Toutefois, Eddington supposait que seuls dtaient captes 
les atomes qui frappaient la surface de Tetoile. 

Cette thfiorie a <!t^ reprise par Hoyle et Lyttleton et par Hoyle 2 , cette 
fois ci en supposant que tous les atomes de moment angulaire suffi- 
samment petit finissaient par tomber sur r6toile. Dans cette hypothese, 
I’ordre de grandeur de Faccr^tion est 

A^cu'^ ( 1 ) 

oil la constante est une nombre de quelques unit(is au plus et v la vitesse 
de r^toile par rapport k la matiere interstellaire. — Cette formule sup¬ 
pose essentiellement que la matiere interstellaire ne s’dchauffe pas lors 
de sa chute vers F^toile. 

Lorsque la vitesse de F(itoile par rapport k la matiere interstellaire 
devient petite, la formule (1) n’est plus applicable et Bondi ® ^tudiant 
Faccr^tion de symmetric sphdrique autour d’une dtoile au repos, a mon- 
tr(i que, selon toute vraisemblance, il fallait dans la formule (1) remplacer 
la vitesse v par la vitesse de propagation du son dans le milieu. 

Le cas de F^toile immobile dans la matiere interstellaire est ^videm- 
ment le cas le plus favorable 4 Faccr^tion. 

2) AccriStion autour d’une £toile au repos 

Bondi ® a <5tudid le cas de Faccrdtion de symm6trie sph^rique, en 
supposant une relation de la forme p ~ g’' existant entre la pression et 
la density au cours de la chute de la matiere. Cependant, malgr6 F6norme 
quantity d’dnergie disponible par gramme de matiere au cours de sa chute 
vers F6toile, si grande que Fon vient 4 se demander comment la matiere 
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pent sc* ck'‘hariisscT(fMir myciiiiirfiiriit tiii dr tiiiitr iiiiirr iiiniii* rri ift- 

Bciiicti n'li pits t*tuclir km }iri>li!rf«rs ilii riiyi*tiiiriiiri'it. Ij s pr# . 
sc*nts calends lit* semt qidiinc #ta{ir vrri In m4utmm 4r vrs |ir«dd'< 

On suppcKsc unc iHnilc iiii rejms, ikiiit In Iriiipt’mfiiri* if liMiriiMfr 4 
rinlliii stmt • 

On iu^‘gligc duns cm calcul le jKitriifiri grtivifbjiir tin gn/. pmir m* ivuir 

C# 

cojnpte epic (hi potentid grHvilh|UC (!r IVtoilr. 

On ('tudin uniipicniciit ici fr r^nittir pmuriwriif. 

Si la comiin'-ssibiitfi'' lulinbiititpifi du jfiiat. )•, jwiit rtrr '.iipj»«*s«-f enn- 
stiuito, <m a, par l(‘s ('(juatbns tin runinTiiiciii, dr roriMTVttiion lir in 
nmtii'rc t;t dt* conwrvatinn dr IViirr^ir: 



»u 

»ar 

mi 

, ™ ^ 

p tT 

( 2 ) 


$ 

r* Q H • 

(1 

(«) 

C/J 

U 

dr 

» yp 

t ' 

tp , 

- IJdivF, 

(0 


oh F est le flux du niyoiuirtnrnt. 

Le premier prohlemr A rt^oudre jKinr wivoir tpirllr vnt In miiurf du 
mouvenient du gu'/, {adiidiaHtpir on judrr) rut dr iwiviur (jiirllr r%t In 
valeur du terme div F. 

8 ) ProblAmkh du hayokkkiuknt 

Une dcKcription gibit^mlr du pibuonir'iir rnl lu^rrnwiirr ntinid ijnr Ir 
ealcul en soit abordt'*. 

On Huppose, en premier lieu, que le g»/, ititemtriinirr A ritifitii r»t 
(!onst.it.U(^ priueipaleineiit d'liydro||i*iie neutre, tin itietiir einidiiin* A I'rlnf 
de molecule. DanK sa tdmte vent IVtoile, il n’lMiiiiiffe titmirrtdtif nl, pro 
hahlement de favcin tinasi ndklMititpie. eu rai<nm tie nm fnddr poinmr 
emissif (bien infi'-rieur i\ eelui tin eorpn imir A In itirmr temprrnfnn i. % 
nnt! (-(‘rtuine distnnee r de lYtoile se pnKluit I'iimifcsitii.n dr I'hvdnv. nr 
par le rayonnnnent en provennuee tie IVtoile. .in , „ pm.rm.nee dr la 
matiere eapti'-e et dmufft'e par «« ehnle. LA etmunrnee une iis.'iue i|'b> 
t rogene lonLsd, H 11 , approximativenieiit iw.tlieruie tanJ rpir |r^ t.rinr . 
de protluetion dVnerKie mtVnnique mmiI m-Kliiijeidtlei* et ip,r le raymuH 
nient est; essentielleinent tin atix bii« prtVfds dittm le yn/,, }»,»r •.luti- d. 

I aupneniation de densittS, il arrive uii momeut on IVmi-Mon e,.nln.i» 
(ievuuit notable, rnbaiHsement de ternjxSrntore qui drtr,„! ,i .niter 
etant en reuliU'- eompeiisd par l’ap|H»rt eoutiim dViieryn mri Himpir. 
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A ])artir h'l, hi temperature et la densit^^ augmentent r(f^gulieremeiit 
juscpfau voisinagc^ meme de la surface de 

4) IlKiUON H I 

Xous a,(lnu‘ttons ici <jue tout le rayonnement ultraviolet a <5te arrete. 
Svnl parvieat dans (‘ctte region le rayonaement visible et infrarouge. 

Le gain <renergie dans cette rc%ion a les origines suivantes: 
gain d'encrgie nuK*ani(]ue; 

gain d\aiergie par photo-ionisation de Lion negatif H*"'; ^ 

gain (Lcmergie par photo-ionisation du carbone neutre, pour former du 

<‘arhone ionise (■ II 

Les pertes d’energie sont dues pour ressentiel a rexcitation des mol^- 
cniles (I’hydrogeiu^ avec enussion ensuite du spectre de rotation- 
vil>ration 

Pour fixer les id6es nous cornparons les differents termes entre eux: 
On a 

eoo 1 

Q ’ 

oh A est une constante de Lordre de Funit^ 


■cFofi 


Bp 

Bf 


GM 

.ya ““ Q 



^2 


om^ , 

^ 00 ^ 


on, en unitf‘s dc masse et rayon solaires: 


ti 


dr ^ ’ 


(5) 


«u A';,^ <‘.st l(* nomhrc <rat()mes d’liydrogene par cm** i\ rinflni. 

Lu pcrtc d’encrffic par rayonnement est: 

J'Hm = 7v (6) 

et (Fapres St>it7.er, est 

Vi m Hdl2 * l(r"^.-at:m4i« 

pour (9 : * 50 (suivunt Fusage, on a design^ pa,r B la (piantite 5040/T). 

I^>ur fixer les ide(‘s, a T 100^5 ofi 50, Ihipport (Fchiergie m6ea- 
nitpie (5) <‘st plus grand quo la perte d't'nergie par rayonnement (6) 
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lorsque r < 1 parsec environ. Si Faccr^tion est moindre, si X n"a 

pas sa valeur maximum, la limite inf<Srieure varie comme c.a.d. 
tres lentement. II en r^sulte immddiatement, en raison de la 
d’un terme d’absorption, que la chute du gaz interstellairo dans la 
region H I est pratiquement adiabatique. 

5) Apparition de la region H II 

Stromgren ^ a calcule les conditions d’apparition des zones dites H I 
et H II. 

Nous supposerons la presence d’un rayonnement ionisant en prove¬ 
nance des regions centrales de la zone d’accr^tion, et nous calculerons 
les conditions d’apparition d’une zone H II. 

Le calcul de Stromgren doit etre partiellement repris pour les raisons 
suivantes: 1) En raison du regime stationnaire les Equations de conser¬ 
vation et de continuite doivent etre satisfaites au passage de la zone H I 
a la zone HII; 2) La temperature du gaz d’(51ectrons dans la region HII, 
en raison de la presence des ions de diff<^rents atomes, pent Stre 
appreciablement differente de la temperature du rayonnement ionisant. 

Dans la zone de transition de H I a H II, supposde tres mince, on pent 
s^PP^^ser la pression constante, et admettre que la pression totale est la 
somme des pressions partielles de Fhydrogene neutre et de Fhydrog^me 
ionis^: 


P = 2NxkT^^ + N{l~cc)k Tj, (8) 

ou Tji et Ti sont les temperatures cin^tiques dans les z6nes H 11 et II L 
On admettra que la temperature du rayonnement ionisant est diff6- 
rente de la temperature des electrons dans la z6ne H IL 
Dans ces conditions, en posant comme Strdmgren 


io-o-5i-®ozH£± l/^ 

qb y T, " 

(9) 

^ 5040 


0c = -Tp- 
c 

(10) 




(11) 

r / = 1015*0268 

(12) 


ou est le facteur de dilution, L, I’energie totale par seconde du rayon- 
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lunnent ionisiint, la. tenupemture de eoiileiir du rayoniiement ioni- 
sant, .V la distanca* a Frtoile, les unites <5tant pour R le rayon, solaire, 
polir .V lc‘ parst'c* 3,08 • 10^^ eni, pour le rayonnement solaire, 

Kn jHKsaiit. 

dr,, (1 w) N ((,, • 51,08 • d^, (13) 

oil a 

2NkT^^ 

Ell jiosiint, de la inenie la^oii <}ue Strdrn^ren 

<b "y' «,08 • 10‘8 «„ .v2 d,9 (15) 


on oliticiit Ifs ('(itiutUHis 


a 

(2A;r„)=,r» 

{(1 - .<') * Tj I ‘2^i k rjjp 


„» A?„* 

* . 8,08 • 1()'8 rt„ 


I ^ (I — k 7'j 12* k Tjt « z/‘ 
2 * As i I f 4, 


■ 1 c, iVji (8.08 • 10«“ «„)V/ ’ 

ft Ton (l(‘tiuit, <M«mnf StrdinKron, ({ue la limit.o clc srparation entre les 
■/.dues II I <*t; 11 II se prodnit. loreque s </i 1, ci.A.d. lompic 

,1 I I (211 

I iV„* . 8,OH . 10>« «„ j • 

Nunn'riiiucnu'tit, avt*<’ x 18,58 f^V, «„ (i,8 • 10~*® cm*^, on obtient: 


lop: .v„ 4.05 4.51 &, — ® lop 7’„ f lop lop 


8 low A^ii- 


(22) 
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Si Von pose, comme Bondi: 


X = 




GM 


Hi 


( 23 ) 


on a: 


log = 5,54 — 4,51 0, — log T,+l log + g log L, 


|logi\^„-logM*, 


(24) 


ou M* est en unites de masse solaire, en unitds d’dclat solaire, et 
est le nombre d’atomes d’hydrogene par centimetre cube. 

Pour trouver la valeur de la grandeur essentielle qui intervient 
dans I’dquation (24), il est necessaire de determiner dans la zone H II 
les conditions d’emission du rayonnement. 


6) Structuee de la z6ne H II 

D’apres Spitzer *> ® on pent dcrire pour Tdquation d’dnergie 

= (25) 

dans la zone H II. Les termes principaux dans cette Equation dtant les 
termes de gain d’energie et les termes de perte Z.,, de gain par 
absorption des electrons dans le champ des protons, et de perte par 

rayonnement des ions atomiques et des Electrons dans le champ des 
protons. 

L’eqnation exacte d’energie est en reality : 


~—l?p _ yp _ 

y — 1 \8r Q Br ) - — n , G ^^). (26) 


Tant que le premier membre est negligeable devant les termes du second 
membre, la zone est pratiquement isotherme. 

A partir des formules de Stromgren et de Cillid », on trouve pour ^ L 
les valeurs suivantes lorsque 0 = l (Tableau I): t 
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log 

log n-i 



4 

1 

2.9 • 10-1® 

6,2 • 10-18 

5 

2 

Cfi 

o 

1 

6,2 ■ 10-1^ 

6 

a 

9.23 • 10-1® 

6,2 • 10-12 

7 

4 

9.23 • 10-12 

6,2 • 10-18 

D’autre part, le premier membre vaut 


u 

c/, 

XG^ ma N„ 


1 

dr y ■**— 

i (2 

^★4 


Le premier membre est surement plus petit que le second lorsque r est 
plus grand qu’une certaine valeur donn<Se dans le Tableau II: 


TABLEAU n 


log n. 

log A 

Vi en UM. 

4 

4.B 

100 

5 

8,6 

20 

6 

8 

5 

7 

2.2 

1 


Plus vers I’int/'ricur, au contraire, remission devient largement 

prc'ponderante, et Ton a: 


/?£_ VJt 

\dr Q dr) 


-WpXej,. 


tine solution approch^e de cette Equation est 

T = 

4«r ’ 


ou, num^riquement 


T = 6.10® 


M* 

r** 


Au voisinage dc la surface de I’dtoile, la temperature s*est considerable- 
ment eicvec. 

Nous supposerons done, dans la suite du calcul, que la temperature de 
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couleur du rayonnement est 10^ degres. La temperature des electrons 
Tjj sera prise egale a 10000 degres. 


7) Accretion dans la zone H II 

Soient la vitesse de la matiere a la limite entre les zones H I et 
H II, Tq le rayon de la sphere separant les deux zones. Dans Tc^tat station- 
naire on a simplement: 


1 

2 


2 


1 

2 


2 


GM GM 





(27) 


to %i — (28) 

Si I’on elimine entre les equations (27) et (28), on peut t^crire: 


2 “n® 


SRT, 


-log^n == + ^^log ’• 

to ^0 ^ 






log Uqij, 


(29) 


L’^tude de Tequation (29), faite k la maniere de Bondi \ montre que 
le taux maximum d’accretion est atteint lorsque le maximum de vitesse 
lOTsqur^""^ ^ propagation d’une perturbation, c.a.d. 


fRT 


II 


ceei se produisant lorsque 


r™ = 


^ii ’ 
iMuji 


(80) 


(31) 


er Tq. I on pose avec Bondi 


„2 _ '“'011 
^ •iRT^ 

G Af /<ij ’ 

on a immediatement la relation 

4logai + i = 3 + i/2-log2/2. 
Le tableau II donne y et x^y en fonction de x: 


(32) 

( 88 ) 

( 88 ) 
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TABLEAU III 



y 


I 

i 

1 

2 

0,45 

1.8 

n 

0.20 

2.8 

4 

0,17 

2.7 

5 

0,12 

B.O 

0 

0.00 

a.24 

7 

0.07 

a. 48 

10 

o.o;i7 

a.7o 

oo 

0 

4.48 


l4e tatix d^iiceretion rnaximum dans la zone H II est alors 

J K,r //»/, Poll- 

\ /'II / 


(34) 


8) AcTRiTION DANS LA z 6 NK H I 


Nous (''tiKlions tout, il'iihord les conditions dc; raccordement, de part 
ft (i'nutrc dc la surlaco <ic adparation de rayon ro- 

Lcs t'<]uations dc contimiik^ de la pression et dc conservation de la 
matierc s’c'criviuit 


t/oit ’^OII C“I ^01 

’. /*u . /h'" 


(85) 


‘^01 /'n 

//oi «ou r- • 

Nous posons 

^01 /‘n ^ 

nn Vt . 


( 86 ) 


Lc laux d’accrction maximum (84) est alors 


A 


■K .r* y 


ix'i\yu 




fH 


(87) 


Nous ealciilons en supposant^ comme il a iHe <lit plus haut^ qiie la 
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chute du gaz interstellaire vers F^toile se fasse de fa^on adiabatique. 
On a alors 

Qoi = ffooI [l + • (88) 

Le taux d’accraion est infmeur au taux d’accrdtion dans une rdmon 
H I seul si 


oohj [l + (I ^21 — AjJ r 1 ^ ^3/2 

Cette equation est satisfaite pour | fLe tableau IV donne la 
racine ^ en fonction de x pour 7 = 1 et y = 5 y ^3 • 


TABLEAU IV 

X 

r(r = 1) 

riy = 5/3) 

1 

1 


2 

0.2013 


3 

0.1074 


5 

0.05123 


10 

20 

0.02006 

0.00827 

0.0812 

50 

0.002698 

0.016 

Pour X grand, on a; 



dans le cas isotherme, 

^ cn 

^ log aj/2 


dans le cas adiabatique, 

X * 



ft HI 

celui calcuM par Bondi '=“* 4 

9) Condition d’appaeition de la z6ne TT TT 

j t, ^(^toile paible) 

Reportons dans I equation (24) la valeur de N te 11 ,n . n 
des equations (35) et (38)- rdsulte 


iV, 




1 

y — 1 


(40) 



iVrirUK I'HYBIQUE DE l’ACCR:^TION 


203 


Oil iihticnt uiu‘ I'ljuution cn ,r et. | (pour y == 5/8): 

•»' 1<>« [l t- 0,4 ( i?/2 S — 1^]) 4- I log f == 

5.51 4..51 r, log T, 4- I log T„ + ^ log L, - 

--.logiir-;'^logiV^. (41) 

Lrs seiilrK stjlutioiiK pliyHi<}iienient import,antes sent celles pour lesquel- 
les ,r rst graiul et ^ petit. I^e premier meml)re admettant un minimum, 
un tnmvf* ties c'oiulitions limites }\ rexistence de la zone H IL En effet, 
ptnir f tloiine (c^t i*n ne^di^^eant if), le premier menibre admet un mini¬ 
mum jMiur 1JI. Le premier membre vaut alors 1.162 — glog^. 

Eu se rapport ant a on a de mtancMui minimiim pour a? ^ ^ = 1.6/8, 
minimum vidant 1.141 L’dquation en x n’admet alors ime 

solution cpie si: 

1.140 J log i ^ < .5.54 —■ 4.51 ©, — log T, 4 - ~ log T„ 4- 

4 pogL,-IogM*-|logiV„. (42) 

Li’ tiiux tracert^ion i^tant donn^ par (87), on a: 

-jj"" A > 


ou. on Mi* rapjMirtant h ct : 

r N^mff ( * W. 

hi -7t.r y-j^- [oeU H O-H/ ‘ 

< »ii u .!■ 1,0. Kn reportant cette expression dans I’^quation (42) on 

ohtii’iit: 

log 1.3.1 B« — 18.58 6 >b — 8 log T„ + | log T„ 4* 


I h 




I 5 1 .8 

“h 5 log S ; 


(44) 


iiu i*n<H»re 
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log = 13.066 — 13.53 0,-3 log T, 


7 , /^IX 


— log R*T 3 / 2 . 

o oo 


(45) 


On reconnait immediatement, etant donne les valeurs que nous avons 
indiquees pour et que Tequation (45) admet tine solution 
log ^ 0 . 

Pour toute densite plus grande, la zone HII n’apparait pas (en tout 
cas pas sous Tinfluence du rayonnement ionisant). Dans ce cas le taux 
d’accretion est bien donn 6 par la formule de Bondi pour une zone 
adiabatique 


A = 


10 


16.995 . 




T ZJ2 

<vn 


M*\ 


La periode du phenomene est alors (pour — 100 ° K) 


Tlf* _ 103.80 

dM * ~ 


milliards d’aruK^es. 


(46) 


A moins de poss 6 der une density extraordinairement ^levde (auquel cas 
on ne pent pas vraiment parler d’accr^tion, mais plutot de formation 
d’une etoile), aucun nuage de matiere interstellaire ne peut subsister 
assez longtemps pour que I’accr^tion soit possible. 

10) Appaeition de la z6ne H II (etoiles beillantes) 

Dans ce cas, est la temperature de couleur de I’^toile, son dclat. 
L’inegalite (42) s’ecrit: 

log < 6.6 + - log Tji 4 - I log Lj — ? log M* — 

-|logr,-6.75 0,+ ilogf^. (47) 

Le tableau V donne pour differents types d’4toiles la valeur lirnite de 
logA^ : 

TABLEAU V 

Type Spectral lim. jog 

0 6 

B 4.7 

^ 3.5 
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11 est done clair que pour les etoiles brillantes, le taux d’accretion peut 
tomber bierx au dessous du taux calcule par Bondi, a moins que la den- 
site de la matiere interstellaire ne soit extremement elevee. 

Pour fixer les id6es, nous allons calculer le taux d’accretion pour une 
etoile 0, lorsque Noo = On a alors oSq ^ [10^, x'^y ^ et le taux 
d’accretion est 

1016.995 ^ 5 j2 

^ Tw© 3/2 ^oo 

avec ^ 10"^*^^ ou, nummquement 

A ^ 

D’od I’tkihelle de temps du phenomene; 

Pour une Etoile brillante, le taux d’accretion peut etre, en definitive, 
beaucoup plus petit que pour une dtoile faible. 

11) Les problemes de 1’accretion autour d’une Etoile en mouvement 
impliquent dgalement la prise en consideration des effets de rayonne- 
ment et de dissipation de I’dnergie gagn^e par la matiere tombant sur 
I’dtoile. Ils feront I’objet d’un travail ult^rieur. 

Conclusion 

12) II semble r^sulter des calculs pr^sent^s ici que le taux d’accraion 
utilisd par Bondi et Hoyle est largement surestim6. L’importance de 
I’accr^tion en astrophysique s’en trouverait done considdrablement 
r^duite. 
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CHAPTER 38 


GENERAL DISCUSSION ON ACCRETION PROCESSES 

Chairman: Dr. P. LEDOUX 


Hoyle : In a discussion of the accretion process a careful distinction 
is needed between the following two cases: 

(1) the effects produced when an early type star moves into a gas cloud; 

(2) the development of a dwarf late type star into an early type bright 
star. 

Let us suppose for the purpose of a comparison of these two cases 
that the velocity of the star relative to the gas is the same in both cases, 
and that the surface temperature and luminosity of the early type star 
is the same in both cases. At first sight it might seem as if the question 
of whether the pressure developed in the gas due to the absorption of 
radiation from the star can prevent accretion occurring, must be the 
same in the two cases. But this is not so, because the distribution of the 
gas is different in these cases. In case (1) the star, when it enters the 
cloud, is simply surrounded by gas at the normal density of the cloud. 
In case (2), with accretion akeady occurring, we have a high density of 
gas near the star due to the infall process, and unless the star can blow 
this shield of high density gas away it cannot get to work on the more 
distant gas of the cloud. Expressed more precisely, the radius of the 
HII region around the star is very different, being much smaUer in 

case (2). The accretion criterion takes the same form in the two cases 
namely ' " * 


GMlrsji>RT, 

where M is the mass of the star, is the radius of the H II rerion 
and R IS the gas constant. Because ot the diBerence in the value of ’ 
the application of this condition leads to diflerent results in the two 
c^es^ Care must I think be taken h, distinguish hctwe:„ type 

star being able to contmue with accretion, once accretion has bc,^n^as 
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in case (2)), mid the case of setting up the accretion process, which 
certainly is difficult in ease (1). 

Bondi : First of all, I want to stress that the accretion theory con¬ 
siders not only O- and B-stars, 
but also other smaller ones which star 
form the bulk of the stellar 
population. Secondly, I want to 
examine the importance of direct 
radiation pressure. Consider the 
equations of motion of matter in a cone of small solid angle co, in the 
neighborhood of a star of mass M and luminosity L (Fig. 1). The outward 
momentum gained per unit time by the matter in the solid angle, in the 
space between spherical surfaces of radii rgj is given by: 



Leo 

4i7tC 


• I (jor^ Q dr 


GM 


Here it has been assumed that all radiation is absorbed so that the effect 
of radiation pressure is overestimated. The solid angle is of no im¬ 
portance. It is seen that attraction is preponderant if: 


which can also be written: 


L _ 

4i31CGM Q„ 



or introducing convenient units: 


il ^ 1 

M n 


X 


15 parsec < 



(where n is the numl>er of hydrogen atoms per cm® corresponding to 
000 )■ 

In the ease of a heavily accreting star we may put fg = 10 — 80 
parsec, while is very much smaller; further q will be equal to or larger 
than . Therefore the integral has a value of at least 15 parsec. The 
condition then becomes: 


For very massive stars this may give n > 10^, for smaller stars a lower 
figure will result. 
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ut.fk flml tfif cuuliug priirr*!*. *ji|inrr«lh u ..f hul, 
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of such a flow. A detailed calculation has not been carried out and would 
no doubt be difficult, but it seems likely to me that it would place the 
level of such a ‘dynamic’ limit into the region of the observed limit of 
luminosities. 

Menzel : Besides radiation pressure and angular momentum as pos¬ 
sible factors affecting accretion, I should like to mention that magnetic 
fields may act as a deterrent to accretion. A magnetic star, encountering 
a cloud of ionized gas, will in effect repel the cloud from regions where 
the energy density of the stellar field exceeds the kinetic energy density 
of the gas cloud relative to the star. 

Hoyle: Aren’t there always places where the material can slip in 
along lines of force ? 

Gold : It is necessary to make a distinction between the field of the 
star and the fields carried by the gas. 

Menzel : I mean to say that a field of the star, as for instance the 
sun’s general magnetic field, is an unfavourable factor for accretion, 
I agree with Hoyle that in this case the material may come closer at the 
north and south poles, but there is no certainty that an ionized cloud 
can actually reach the stellar surface. 

Bondi: Fields carried by the gas will increase by contraction (as 
shown by Batchelor on Wednesday), but not as strongly as the mechan¬ 
ical forces. So the power of magnetic fields to stop accretion will diminish 
as the material moves in. 

Biermann : My objection to Bondi’s simple explanation is that GMjr 
is not the proper formula for the potential. In the region in question 
there will be in general many later type stars which effectively determine 
the gravitational potential in most of the HII region around the early type 
star considered. As a source of ultraviolet radiation, that can accelerate 
interstellar matter, the sphere of action of such a star is much greater 
than that of its gravitational potential. This is quite different in the 
case of the initial contraction of a diffuse mass without a star-like 
fjondensation. As long as no star has been formed yet, we have to do 
only with infra-red radiation into which the mechanical energy is 
dissipated. 

While thus holding a different view regarding the early type stars I 
would like to state, that I quite agree with Bondi’s suggestion about 
the spectrum of T Tauri stars. 

Bondi: Is my standpoint correct, if we call a star any region where 
the density greatly exceeds interstellar density ? 

Biermann : Of course it is vague to talk about the surface of a star 
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in these problems. But even if we consider gravitat ion only, I should 
not like to talk about a “star” larger than one parsec. 

Schatzman: I should like to make three more comments. 

(1) During the fall of the matter toward the star, it i.s luseessary to taki; 
into account all the laws of conservation; conservation of (uiergy, 
conservation of momentum, conservation of matter. Bondi, in liis paper 
has taken into account only the last one. In order to take into acc'ount 
the first two laws, it would be necessary to solve exactly all t he ratliaf ion 
problems, including the radiation transfer problem. 

(2) An enormous amount of energy is available. In the cast; of the sun, 
any atom falling on the sun would bring with it a total energy of 

ergs, an energy which it is extremely difficult to get rid of. A tnuneiKlous 
elevation of temperature in the inner part of the nebula falling on the 
star is to be expected, which elevation, I believe, would prt;veut ac¬ 
cretion to occur. 

(3) Hayes asked about the mean free path. If the cloud moves with a 

velocity of 10 km/sec relative to the star, and has a temperature of 1()« 
degrees, the diameter of the focal axis cannot be very small. The mean 
free path, as an order of magnitude is A ^ 3.10® T^jN. For the case under 
consideration: 10«, N ~ 10®, A^ 8.1011 ^ 4 solar diameters. The 


mean free path itself is far from being negligible. 

Taylor: I gather that the radial flow is considered to be super.sonic. 
But as the material moves in it cannot penetrate the sphere where the 
velocity equals the velocity of sound. 

Bondi: In the case considered, the gas is not driven by pressure 
gradients but falls in under the influence of gravitation. 

Frenkiel: I still do not know what the conclusion of this discussion 

It itu establi.sheci fact 

^ there are, apparently, clouds that are contracted into stars ? 

ONDi: Apart from the opinions of a very few people (e.g. .Iordan) 
this IS universally accepted. x 1 \ a j 

Zanstra; The radiation pressure has been too lightly dealt with. A 
great many papers have been published on this subject, which i.s not 

Sorejr rr •''" ‘ 

^he force of radiation pressure, though it approximately holds for tlu‘ 
Lyman continuous radiation. What is forgotten is that this I vn an 

coefficient k 10 ^ times llrgt so thf^n' absorption 

.. , larger, so the radiation pressure would h<‘ lO'i 

Ws larger, except for the effect of redistribution in the Itae pr‘ui;, .hl 


(> 
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Th«‘ HHiiti prtK*r<»«*« ttifiuftiriiig thr mnw UmIiiihv of I In- inirrn»rH«r 
mwlitim HIT |»r«*t>iib!y: 

1. Ilnjtid Uw!i of jfiwsrtmfi fthflN or nivrlojM^ 

(h) by siiperiiovni? amt tiovao 

(b) by pliumtary iifbular 
(p) by other PCyniii 

2. Cotitinuoiw eoriniwtitar 

fa) l>y Wolf llayrt stars 
(b) by »ujM*r}{ia«t stars 

(e) by iitiun sfquciit’f stars of nlHtut w*bir tyjie 
f<l) by sitigk* early tyjw stars 

(e) sheiiding off of matter by fast rotatiiiK sinj|lr or liy rb*«ii* doiable 
stars; 

8. Continuous aeiwtiitn of lutrrstellar tnntti'r 

(a) tiy Hunieb'iitly massive stars in ordinary iiiterstrliiir rlouihilradin^ 
tiventunlly to rejuvenation) 

fb) by ordinary main stJtjtienee stars in very r!ou«i« (nnissjou 

line stars); 

4. Birth of stars in very e«»ld iukI dense wginiH of intrrslrlkr maierml 

One major problem is the followiiiK: Is the infersleikr nmieo,,! .n. 
the whole mainly secularly losiuK miuw to the Is-iiHit of iIh‘ slto ., or ti *. 
a eoiisiderablcf traction of this mitterial onee t»r re|N*iitf <!iy t« ifii •’'•n 
dcnsed into stars and re-emittwl as eorpuseular radiation intr* »o>h 
■ stellar .space? 

Observations of the spiral arms, say in the Androim da n. Im!,*, -«« n« 
to imliente that the stars earlier than % A 0 are l»e»ntf l*orit nod i s«.h> 
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to some other type in a time comparable with that of one revolution 
around the centre of the nebula considered (some 10 ® yrs), which should 
indicate the order of the life time of any particular spiral arm. 

Concerning the interaction of material falling into stars and of corpus¬ 
cular emission by the same stars (processes 2 and 3) it must be empha¬ 
sized (as has been mentioned already) that most probably they cannot 
both operate at the same time for a particular star; this is so on ac¬ 
count of the very strong interaction especially of the ionized constitu¬ 
ents and the sulFiciently large cross sections for ionization by collision 
or by exchange of charge. Also the emitted material is likely to carry 
magnetic fields by which the interaction may be still further amplified. 

It is estimated, that in our galaxy the following amounts may be 
involved (for an independent earlier estimate see A. D. Thackeray: On 
Some Possible Evolutionary Trends in the Interstellar Medium ^). 

1. Rapid loss of gaseous shells oe envelopes 

(a) Supernovae: 1 M^/lOOa . Novae: 10 ”"® M^j/lO^/a, (lf 0 = 2 . 1 O®®gr). 

(b) Planetary nebulae: estimated number 500, estimated average loss 
M^^/80000 a. - 5 - 1 M 0 / 6 Oa. (cf. Wurm: Die Planetarischen Nebel, 
Berlin 1951). 

(e) A quantitative estimate is difficult, but it seems unlikely, that 
these stars contribute more than 1 (a) or (b). 

Summing up, it appears that processes 1 (a) (b) (c) can together bring 
Iiardly more than ssj 0,1 or 8 * 10 ® in 3.10® a. into interstellar 

space. On the other hand, the mass of the interstellar material is proba¬ 
bly of the order of some 10 ^® 

2. Continuous coepusculae emission 

(a) Wolf Rayet stars {R ^ 6 ^ ^ 20 000 12 M^: 

Estimated loss 10^® atoms/cm^sec x 10^^ cm^ = 10^®>® g/sec = 5 

in 10 ®a. (:), estimated number 10 ® or 10 ^ some 10 "“® 

(b) Supergiant stars especially of type earlier than A. 1 M^/IO^ a. per 
star is probably an overestimate; estimated number 10 ^ or 10 ® 
(the giants are not thought to lose much of their mass). 

(e) Main sequence stars similar to our sun in their (low) activity: 
ilf^/lO^*^ a. by corpuscular radiation. This estimate is based on the 
evidence from geomagnetism, cometary physics, observations of 
the corona and the zodiacal light. There are indications, however, 
that later type main sequence stars are often much more active 
than our sun. 
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(d) Around the early B-stars circumstellar absorption lines showiinr 
velocities of -20 or -30 km/sec are often observed, ‘'riusse are 
perhaps most easily explained as products of corpuscular rudial ion 
(if this is also emitted with velocities of the order of 1 ()()() kni/see, 
it will accelerate a much larger mass of interstellar mat(>rial around 
the star to low velocities). An argument of quite a different eharae- 
ter has been proposed by Fessenkoff: If the mass of tlu' <‘urly 
B-stars would remain constant, one should expect to iind at IcasI 
some stars in the final stage of almost complete consumption of 
hydrogen, that is with a much higher luminosity than would 
correspond to their mass. On the other hand, the probability fo 
find such a star is rather low, since they can be only for a com¬ 
paratively short time in this stage of evolution. 

The corpuscular radiation, as shown by the sun, may be 
garded as a special form of the non-thermal energy output, otlu*r 
such forms being the excess radiation in the far ultraviolet (par¬ 
ticularly the Lyman and the near Rbntgen region), that in tlu‘ 
radio frequency range, and the acceleration of charged particles 
to cosmic ray energies. It seems, that of these the corpuscular 
emission in the velocity range of say 300-3000 km/sec, give.s on 
the average the largest contribution to the total non-th(;rmal 


energy output. All these emissions probably have their ultimate 
cause in the convection of certain subphotospheric layers ami 
are highly variable, following partly the general cycle of solar 
activity; but that needs not concern us here. 

Looking at the corpuscular emission from this angle, it <locs 
seem to be a natural first approximation to assume that it (con¬ 
stitutes for all main sequence stars the same fraction of Ihcir 
respective luminosity L. If furthermore the kinetic cnergv per 
^m is approximately the same for all these stars, we would' have 
dMIM ~ An evolution scheme (discussed by Fessenkoff, Mas.s.- 
wich and others) would result in which the early type B-stars 
move a„™„ds along the main sequence into the , 
of the A- or f-stars in times of the order of 10* a (insh ml ' 
movmg approximately upwards in ease of oonstant'mass T 
cosmogomcal side of this problem cannot be dis:Ss^- ' 

ergl we fi“rd + Potential energy of i,,.. 

g/g. we find with the assumption of an effective energy <mt|>„l 
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favour of corpuscular emission, but I do not think it is really firm. In the 
first instance the observed masses are quite uncertain, and secondly 
Mestel has recently shown that the mixing of these stars is very unlikely 
to be complete. If the star is not well mixed, it will not remain homo¬ 
geneous, and no striking increase in luminosity will result from the 
production of He in the core. Accordingly I am far from convinced that 
corpuscular radiation forms an important process in stellar evolution. 

One other point concerns the balance of matter between interstellar 
space and stars. If the stars lose a great deal of matter by corpuscular 
radiation, greatly enlarged accretion is required to keep up the balance. 
I doubt whether the requisite accretion rates occur sufficiently frequently. 

Oort : The idea put forward by Biermann is that not the individual 
bright stars are kept constant by accretion, but that their number is 
kept constant by the birth of new stars. 

Bondi: I agree that the very bright stars shed matter into inter¬ 
stellar space, either as routine or only at certain times and then explo¬ 
sively. I favour the second possibility. 

Savedoff: There even seems a possibility that the 0 5 stars of 
highest luminosity will lose sufficient mass in a century to make the 
effects on the apparent magnitude observable. 

Blaaxiw: We should not forget that also some late type stars, e.g. 
the W Ursae Majoris stars, which are very frequent, supply a large 
fraction of the interstellar gas (point 2(e) in Biermann’s Table). 

(iOLD: It seems clear now, that matter oscillates between bright stars 
and interstellar space, but it is impossible to tell whether this is true 
also for small stars. 

ScKATZMAN: How is the situation in elliptical nebulae, where no 
interstellar gas is observed ? 

Biermann : Also the bright stars, that would furnish most of the gas, 
are absent there. 

Savedoff : Have any flare stars of high velocity been observed ? 

Oort : No, there even is an opposite effect. The Me dwarfs, which are 
intimately connected with flare stars, are found to have systematically 
low velocities, comparable to those of B-stars. This has been found 
independently by Delhaye and Baade. It indicates that also these stars 
are quite young. 

Hoyle: The loss of mass postulated by Biermann should become 
clear in changes of the orbits of double stars. 

Oort : This effect would be difficult to distinguish from changes due 
to other causes. 
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The interaction between gas and dust can be divided into a purely 
electrostatic “dynamical friction” and the friction produced by physical 
collisions with gUvS particles. The following numerical data apply to an 
interstellar III cloud with = 10 and T = 100°, containing dust of 
1/4 micron radius and density 1.3 gm/cm®. These particles are brought 
to rest from a velocity of 1 km/sec in 0.435 parsec. For velocities larger 
than 1.9 km/sec, the stopping distance increases to 0.29 -|- 1.93 log V 
parsec. Hence for no reasonable initial velocity will the range of the 
particle exceed the diameter of a typical cloud. These particles will be 
reduced to a speed of 0.01 km/sec from any initial velocity in about 
2.7 X 10® years. The distances and times are inversely proportional to 
the density; thus one may suppose that for denser regions one encounters 
even shorter ranges. Further, these numbers are upper limits, as they 
are computed with expressions which in the extreme underestimate the 
force by 40 %. 

For charged grains an additional force is produced by “dynamical 
friction”. Under the conditions outlined above, a charge of perhaps 
-0.03 volt is expected (about 5 to 6 electrons). When the kinetic energy 
of the atoms is lower than the mean interaction energy some mathe¬ 
matical difficulties with the approximations are encountered. For ve¬ 
locities below 1 km/sec, the charge-dependent friction is comparable to 
collisional friction. For higher velocities the force is proportional to 
and may be neglected. In H 11 regions a charge of -8 volt is expected, 
and the penetration distances and times are 10“* to 10~® of those in H I 
regions. Thus for most of the material in the universe, no separation of 
dust and gas can be anticipated in the absence of specific forces. 

Radiation pressure is one force which acts to separate grains and gas. 
This I'orce in the ])ast has been overestimated through neglect of the high 
albedo or the rcfkictivity of the particles. As an example, we will try to 
calculate; the velocity of a dust particle on the fringe of the “Coal Sack”. 
A nu;asurement of the surface brightness by Hoffmeister* yields 4”‘.18 
p(‘r s<iuar(; degree, which is almost equal to the average sky brightness. 
To obtain the maximum effect of light pressure consistent with this ob- 
scTvallon we might consider the radiation field on the particle as made 
up of two parts: the Milky Way light idealized as a line source, half of 
which is blocked by the cloud; the light reflected by the cloud, repre- 
.sen h'd by isotrojiic radiation from the direction of the cloud. Thus the 
diffuse light reflected by the cloud has the least possible flux, while the 
half ring has the most net flux, provided the essential features of the 
problem are prc.scrved. The intensities are distributed in sneb a wav that 
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the radiation density is unchanged. With this model llu! \ (‘loci(y of a 
particle is about 0.06 km/sec for = 10 and ])roj)orti(iii:illy sninller 
for higher densities. In 2 X 10’ years the sphere of particles collapses 
1.2 parsec. Even with the assumption of spherical syninict ry t his iiiof ion 
changes the mean dust density by 2.3. One cannot e.vpcct genera! 
concentrations in the interstellar medium to remain imdislurbed over 
longer periods. 

In cloud collisions it is true that the penetration of atoms is far 
smaller than the ordinary stopping distance of th(‘ grains at. normal 
density. However, in the boundary layer formed during collisions, the 
temperature and ion densities will be mucli higher than normal, ami the 
boundary layers of high gas and grain density should la* coniparabic 
in size. 

Upon this basis, the nonexistence of stars of low hydrogem and helium 
content, predicted on the basis of the collapse of dust cloiuls, is ex¬ 
plained. It is improbable that any large portion of tlu' interstt'llur dust 
is streaming through the gas at supersonic velocities. Lastly, r<‘gions of 
high dust density which are so noticeable on direct photographs are 
probably regions of high gas density (if they arc large enough), 'flu'se 
regions may originate in a compression of the general interst<‘llar mctli- 
um. It seems that many of these regions interact only for rclat iv<>ly short 
times with other regions and that a discrete region rather lhan'a cem- 
tinuum-mechanics may be indicated. 


REFERENCES 

^ L. Spitzer Jr., Astrophys. Journ. 94, 232 (1941). 

^ F. L. Whipple, Astrophys. Journ. 104,1, (1946) ’ 

C. Hoftmeister, Veroff. Berlin-Babelsberg, 10(1932). 



CHAPTER 41 


REMARKS ON THE CONSTANCY OF THE RATIO 
BETWEEN GAS AND DUST IN INTERSTELLAR SPACE 

BY 

BART J. BOK 
Harvard College Observatory 

1 . The Pkoblem 

Current trends of thought favor the assumption that the ratio of the 
densities of interstellar gas and dust is about the same in all parts of our 
Galaxy. Theoretical arguments—like those presented by Savedoff in the 
preceding note and earlier by Spitzer ^—show that the “stopping 
distance” of an erring dust particle in a medium of neutral or ionized 
hydrogen with a gas density iS: 10 is relatively so small (of the order 
of one parsec or considerably less) that the dust is literally dragged 
along by the gas. It is then considered unlikely that any concentration 
of dust will be formed without a corresponding concentration of the gas, 
the ratio between gas and dust density being presumably close to a con¬ 
stant average value. 

I grant—with some reservations—the general validity of these theor¬ 
etical arguments. One should, however, keep in mind that a density 
Hjj = 10 corresponds already to about 0.25 0/ps®, which exceeds by a 
factor four or five the average probable gas density near the galactic 
plane. Also, while the theoretical arguments apply certainly to a rela¬ 
tively small section of our Galaxy, I can see no reason why this ratio 
should be the same, on theoretical grounds alone, for widely separated 
parts. In the end the decision should rest with the observations and, 
until conclusive evidence will have been found directly, workers in the 
field will do well to keep an open mind on the question of the constancy 
of the ratio gas to dust. There is at present no observational evidence 
to support the hypothesis of the constancy of this ratio and the limited 
evidence that is available seems to show that no proportional increase 
in the density of interstellar gas is found inside the densest concen¬ 
trations of interstellar dust. 
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2. Relation oe Cosmic Dust to Spiral Structure 

We may start by recapitulating briefly the evidence for the relative 
distribution of gas and dust in galaxies outside our own. Baade and his 
associates have reported that the spiral arms of the Andromeda Nebula 
are dense concentrations of gas and dust as well as of O and B stars 
and Cepheid variables®. When one examines in detail the distribution 
of the dust, one finds strong indications that dust, while present 
throughout the spiral arms, is markedly concentrated toward the inner 
parts of the arms, where there is relatively little evidence for the 
presence of gas. Features like the Great Rift of our Milky Way from 
Cygnus to Sagittarius and Scorpius and the Southern Coal Sack—dark 
nebulae located- at the inner part of Morgan’s Northern Spiral Arm— 
remind one very much of some of the conspicuous features in the nearer 
spirals; some dissimilarity in the relative .distribution of gas and dust is 
indicated. In the spirals dust does not appear to be a perfect “tracer” 
for interstellar gas. 

3. Observational Evidence for our Galaxy 

In our own Galaxy there is no clear-cut correlation between the 
intensities of the interstellar K and D lines and the color excesses of the 
relevant stars, other than the obvious correlation produced by distance 
effect Most important is the observation reported by Greenstein and 
Struve ^ who observed a star in the dark nebula in Ophiuchus which is 
reddened to such an extent that the total absorption must be about 
4 mags and which yet shows only a very weak interstellar Kline. While 
it is true that in specific cases one may interpret the lack of increase in 
intensity of the interstellar lines as caused by curve of growth or satu¬ 
ration effects, it does seem peculiar that in each case some special 
process had to be called upon to explain the apparent lack of dependence 
of the intensity of the interstellar lines upon the concentration of dust. 
Another case in point is the observation reported by Oort and van de 
Hulst in the present symposium according to which the observed inten¬ 
sity of the 21-cm line of H I is smaller rather than greater in the densest 
parts of the Taurus dark nebulae complex when a comparison is made 
with the less obscured surroundings. The lack of expected increase of 
strength may be understood as the result of decreased temperature and 
formation of hydrogen molecules, but we note again that a special 
process had to be called upon to explain the lack of direct evidence for 
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an increase in the gas density proportional to the observed increase in 
concentration of the dust. 

Along the band of the Milky Way, there is evidence for a quite different 
relative distribution of gas and dust from one section to another. In the 
Carina section of the Milky Way, gas and dust are both plentiful, but 
in Sagittarius-Scorpius one finds for I = 320° to 330°, b = -3° to -7°, 
plentiful dust and a fair number of early B stars and yet no evidence 
whatsoever for emission nebulosity^. It hardly seems as though the 
network of dark nebulae at i = -3° to -7° in Sagittarius-Scorpius is 
basically an intricate network of dense gas clouds. 

We may mention at this point the result of a recent study by Camp¬ 
bell Wade and myself of the distribution in the southern Milky Way of 
0 to B 2 stars and associated Ha emission. As an average for the entire 
southern Milky Way, we find for the O stars associated emission nebul¬ 
osity in 56% of all cases ‘‘certainly’’ and in another 20% of all cases 
“possibly”. The corresponding average percentages are 20% and 14% 
for the B 0 stars and 17% and 23% for the B 1-B 2 stars. In some 
sections—like that in Carina— the percentage of 0 to B 2 stars with 
associated Ha emission runs higher than 80%. But in others the same 
percentage falls well below the average. The most remarkable region in 
this respect is that between I = 270° and 280° (directly east of the Coal 
Sack), where we find a marked concentration of O to B 2 stars, consider¬ 
able evidence for the presence of interstellar dust, but practically no 
associated emission nebulosity. In our first survey of the region east of 
the Coal Sack, Wade and I suspected the large diffuse nebula near 
I 274° to be an Ha emission region, but Gum pointed out that it was 
really a reflection nebula; this has since been confirmed by photographs 
made at Boyden Station. 

It need not surprise us that excessive cosmic dust is not found near the 
diffuse nebulae like the Orion Nebula, Messier 8, the Carina Nebula and 
others with densities one thousand times or more the average for our 
galactic spiral arms. The radiation pressure from the associated 0 and 
B stars exerts sufficient radiation pressure to repel the dust particles if 
tliey should occur or be formed in the central parts of these gaseous 
nebulae. There seems to be general agreement among those favoring a 
constant average ratio gas to dust that this constancy does not apply 
to 'the H II regions near O and B stars. On the other hand, the propo¬ 
nents of the constancy of the ratio gas to dust suggest that it does apply 
to the dense regions of cosmic dust. If this were so, one is tempted to ask 
why no formation of 0 and B stars seems to be taking place in some 
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of the complexes of dark nebulosity like Taurus and Ophiuchus, where 
one would seem to have ideal conditions for star formation. 

4. Calculated bate of growth of the Coal Sack 

Some years ago, I investigated the probable rate of growth of dark 
nebulae by the falling in of particles toward the obscured cloud and by 
accretion ®. The rate of increase of mass of typical small globules was 
found to be very small, but for the Coal Sack the rate of growth was 
rather large. Savedoff has repeated these calculations taking into account 
the high albedo of the particles and the radiation pressure from the Coal 
Sack itself. For an assumed density = 10 for the gaseous medium 
surrounding the Coal Sack, Savedoff finds that the velocity with which 
the particles approach the Coal Sack is of the order of 0.008 km/sec. 
My own calculations referred to a gaseous medium with = 1.3 and 
since the ultimate velocity of approach for the particles is inversely 
proportional to the gas density, we should expect v — 0.06 km/sec for 
Jig = 1.3, a value substantially in agreement with that found in 1947. 
Since 1 km/sec is equivalent to 1 ps/10® yrs, we may expect the Coal 
Sack to gain in 10® years the mass of the cosmic dust contained in a 
spherical shell with an inner radius equal to that of the Coal Sack (4 ps) 
and an outer radius of 10 ps. For an assumed average density of the 
cosmic dust in this sphere of 6 X 10-®® g/cm® = 0.01 ©/ps®, the total gain 
in cosmic dust for the Coal Sack in 10® years would amount to between 
30 and 40 ©. If we assume that the Coal Sack represents primarily a dust 
concentration, its present mass is probably of the order of 100 0 and the 
increase in mass by the falling in of field particles would then entail a 
marked increase in the total mass in the course of one galactic revolution. 

5. A plea for open-mindedness 

The present note will have served its purpose if it is considered as a 
plea for open-mindedness on the issue of the constancy of the ratio of 
gas to dust in interstellar space. We note first of all that whereas gas and 
dust may go together in fairly constant proportion in fairly large volumes 
of galactic space, there is no theoretical reason why this ratio should be 
more or less the same everywhere near the galactic plane; the obser¬ 
vational evidence available to date seems to point to considerable local 
variation of this ratio. We should further bear in mind that the mobility 
of the dust particles is very much greater in a gaseous medium with low 
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\nlu<s ol it,f (I to 2, corresponding to the average for the region near 
the suit) than lor ?(„ 10, the value frequently given as representative 

for tlic gus clouds. For the present it would seem desirable to consider 
in nil theoretical work si<le by side two separate models, one in which the 
ratio ol gas to dust is considered constant for all concentrations in the 
galactic iiicdimii and another in which the dust concentrations are con- 
sidorod as mdls composed principally of dust and imbedded in a general 
galactic jjascous medium with = 1 or 2. It would be a pity if, in our 
cagcriM'ss t<» obtain a simpliiied model, we would neglect to examine the 
pridsihlc evolutionary status of clouds primarily composed of cosmic 
dust. 


riKFEHENCKS 

* I,. Spit/.t*r, A|t, .1. <)4, 

* \V. Itaadc. ttcsiilts rcportcit at tl«e (Jroningen Symposium (June 22-27,1953) on 
•■fiKirdintdion of (iulin'lic Hcscarch.” 

' l». S. Kvjins, Ap. .1. 95, 275 (1941): J. Schilt, A. J. 52, 209 (1947); L. Spiteer, 
\p. J. lOH. 27<Mt9IS). 

* I,.Urfciistcin’sCtinptcr.Hynek,“Astrophysics”, p.670-571,McGraw-Hill 
ftl.'tl). 

^ !t. .1. Ituk. '‘Vistas in Astronomy" (in press). 

'* It. .1. B«tk, (iiirvjird Oltwrvatory Monograph No. 7, p. 71 (1948). 


DtSCUHSION 

SvviutoM': 1 firmly believe that observations are needed to check any 
theoretical results. Ibit 1 eiinnot at present accept any cvuhmcc for large 
diffcrcitccs in the ratio «if gas to dust, for: 

(!) The curve of growth effects are quite serious in dense clouds. 

(‘2} If link's suggestion that there are largti (;onccutration.s of dust 
with little gas is eorns't, there should be rellectiou nebulae connected 
with O imd It stars. Have they ever been observed? 

('b The evidence that gas is more concentrated to the plane of the 
(iahixy tliim dust is very weak. 

MiNKowHKt: I wish to underline this last statement. F^.g. the region 
around the north pole is known to have reddening, but it also is full of 
faird emission nebulosity. 

.Scii.viT-.M w : Four yeans ago I made a theondical investigation and 
eonehuhsi tlutt only towards the end of the cvolutiim, i.e. when clouds 
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have contracted into globulus, the ratio of dust particles to gas may 
increase (Ann. d’Astrophysique 12, 161, 1949). 

Bor: So far I have heard no theoretical argument to prove the ratio 
should be the same from one region to the other. 

Oort: The particle sizes are similar; that is one argument. 

Bor : To Savedoff’s second point I may mention a very large reflection 
nebula near the Southern Coal Sack, which occurs in a region with 
plentiful O and B stars. There are whole sections of the Southein Milky 
Way in which 0 and B stars prevail, for which there is good evidence for 
interstellar solid matter, but for which Hct emission is either absent ox 
very weak. In this same connection, I should remind you that dust 
concentrations are often found in spiral galaxies (at the inside ot spiral 
arms, for example) at places where gas is certainly not present in 
emission. 

Oort : I think Baade would not accept this as a definite result. 

Bok: Again: everybody should feel very uneasy on the basis of the 
data now available and should keep an open mind to possible cliangcs 
in the ratio. 

Seaton: It is possible that dust grains play an important role in 
interstellar chemistry. What is the correlation between reddening and 
interstellar molecular lines ? 

Minkowski: Very little is known about the molecules. But there are 
the 4430 band, strongly correlated, and the red Merrill bands, less 
strongly correlated with reddening. Both are unidentified. This is a very 
important open question. 

Deutsch: The early estimates of 95% HI regions and 5% H 11 
regions are often quoted. They were based on the hypothesis of no 
genetic relation between 0 B stars and gas clouds. Since then the study 
of associations of O and B stars started by Ambartsumian luis shown 
that the relation between these stars and gas is not fortuitous. Does tha t 
not invalidate the early estimates ? 

Bok: The observational evidence regarding percentage distribution 
of H I and H II regions is very much in a state of flux. We had better’ 
postpone attempting anything resembling a final conclusion until tint 
current Ha surveys will have been completed and until new data will 
have been obtained with regard to average emission measxircts for th(‘ 
various observed features. Analysis of regional surveys of'obsttrycnl 
intensities of the 21-cm radiation of H I should contribute further to th(‘ 
answer to Deutsch’s question. 

Oort: The whole 10 percent and 10 particles per cm^ businc'ss is a 
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poor a,pprt»ximnlion to rciility, not much beUiT than a ft-uess. The 
<iistri!>ntion is very irrconlur. 1 like to warn uf^’uinst sticking to this 
picture too (-losely. Bill it has hctai useful and may still prove useful. 

Bo\ui (eiiairnian): \\v shall liavc to leave the rest of tlic vacuum- 
cleaner prohleni for |irivate discussion. 



PART VIII 
CONCLUSIONS 


CHAPTER 42 

SUMMARY OF THE AERODYNAMICAL ASPECTS OF THE 

SYMPOSIUM 1) 

BY 

J. M. BURGERS 
Delft, Holland 


The following attempt to summarize some of the results of the Sym¬ 
posium is mainly directed at the aerodynamical aspects of the subject, 
in a similar way as was done in. the Summary of the first Symposium at 
Paris in 1949. An excuse for choosing such a point of view may be found 
in the circumstance that aerodynamicists are somewhat in the minority 
at this meeting, so that one need not be afraid that the astrophysical 
aspects will be driven too far into the background of the minds of the 
attendance. 

For aerodynamicists it is of great importance to have learned that 
the picture of gas flow under adiabatic conditions does not always form 
a satisfactory starting point for studying important forms of motion of 
the interstellar gas. The interstellar gas, considered energetically, is not 
“self-contained”, but finds itself between powerful sources of energy, 
formed by high-temperature stars, and a sink, represented by the almost 
empty intergalactic space. It is true that adiabatic conditions may be 
obtained in particular circumstances, some of which have been mentioned 
in communications read before the Symposium, but the majority of the 
interesting cases are influenced by energy exchange. 

Data concerning the sources of energy have been summarized by 
Schluter and by Oort in their lectures of Thursday morning (Chs. 27 and 
28). The primary source of energy must be found in nuclear reactions in 
young 0 and B stars; the energy becomes available in the form of 
radiation of short wavelength. Estimates have been given of the total 

1) This Summary has been written down in the present form after the Sym¬ 
posium. I am indebted to Dr. van de Hulst for having read the text and for ad¬ 
vice on some points. 
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rurvi'X oitfjMit hy Hh'sf s.mm‘s unci the direet influences of the ultra- 
unirt on file suiToimdin}? such stars (radiation pressure 

ot.d i..m/ntinn phcnoiiKaiu) have been considered. Further data have 
(h tii prr M iit. il fry Savedoff in his contribution to the discussion foUow- 
ii.F (i..rt\ lecture (Ch. 2it). and by Schatznian and Kahn in their paper 
on the tiH.fiun of H 1 and li II •/oncs(t'h. 3o). Additional points of view 
\u r.’ pi-cM iiti'd by other speakers takintr part in the discussions. 

>uudi>ff. in his coniinunicaiion of Tuesday niorniriff (Ch. 11), has 
col!, etid d.1iiil.-d data eoiuH‘rnin« the various ways in which the inter- 
st, liar pas can lake up enerpy throuffh radiative and collisional processes, 
or loose enerpy through ra<liation of the gas ijito interstellar space. 
.Mijrplentcutary inloniiiilioii has been presented by Kahn (Ch. 12) and 
iiy Ziiiisf rii jC !i, i:i). 

It hm t'liiiif fiirwiiril fVuiit lluhse (*<>tunujiueatio,ns (as also from the 
iiriKiiiiil fiiifirr*. laililished by Spitzer and Savedoff on this subject), that 
ftir liirri^fy Iiiilitnet* dt^priids on a multitude of collisional phenomena, 
iinolviiifi jiltofonH, iitnniH* icais, electrons, eosrnie ray particles and dust, 
ill iliieli iiiiiiiitr prreenfiiires <d* adnuKcd atoms or moleenles with low 
energy levrln for of dust piirtieles) can play a decisive part. The eon- 
'iiijiifiirr ifi fliiif no himpte eKpression eiin he Kiven for the loss of energy 
III Irriiw Ilf iivrrfigr giis density and gas temperaiure; neither can the 
giiiii of energy be eudeiilnted in a sitnjilc way from gas density and the 
tniijutiitnre iiiiii ilegrtT of dilution of the incoming radiation. B'or aero- 
tlyiifiiiiirififs this brings great diflieiilties. They will feel indebted thcre- 
fiirr to Xiiiisfrii for tiis premitiition of a siinplilicHl model of such pro- 
Kveii if it iiiiiy be open to diseussion if this model is applicable 
III tlir net Hid iiiter^telliir gas, its essential featur{\s are illuminating and 
riiii srrvr m im iiitrofliietion to eases inor<» closely approaching actual 
i'limiifI will take tfir liirrty liriefly to recapitulate the basic equa- 
of Zitiisfrii’s theory. In doing so I shall omit a few numerical 
of ofilrr unity, in order te bring out more elciirly what is 
iin|tMitafil from tin* iterodyiiiiniieii! side, 

Ht* giiNi wilt be iis^iiined to consist of a single spcKUCss of atoms, which 
eeji oenir I’itlirr in It itenfriil state A or in a singly ionized state A;^' 
irriitiiif'itt ih more general and gives attention to the possi- 
1 4' iiiiilfip!i' ionization^ bnt u fte written for tlu^ total number of 


atoiiih |« r rfii 


1. 


H {I ft) for file nunib(‘r of lIios<‘ in sta;te A and 


II II o for IhoM' in sfiife A \ so that a is the degree* of ionization. Th,c 
ioiii/of mil fiirrgv is If is fnrtlier supposed tliat the atoms in state 
\ hii\ r t wo ntrrgy ii^veln with a rehitively small cmergy <lifferenee %• bet 
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there be n' atoms per cm^ in the state with lower energy and n" atoms 
per cm® in the state with higher energy, so that re + » == re^. ■ The 
number of electrons per cm® in the case considered is equal to that of 

the ionized atoms: n^ = n^. = n a. 

When flow is absent, the energy equation for the gas at rest can be 

written: 

edEldt = Nk{T^ — T)—F%. (1) 

Here E is the internal energy of the gas per unit mass; q is the density 
in grams per cm®; N is the number of ionizations (changes from stcxte A 
to state A+) produced by the ultraviolet radiation from the star, per 
cm® per second; and F is the number of exciting collisions suffered by 
neutral atoms in the lower energy state. 

As regards the ionizations each ionization after some time is followed 
by a recombination. In each cycle (ionization recombination) the 
energy gained may be put equal to k {T^ — T), omitting some numerical 
factors differing not much from unity (compare Zanstra’s paper). In this 
formula is the temperature of the star providing the radiation and ./ 
is the electron temperature, which is assumed to be equal to the gas 
temperature. The number N is equal to re^ multiplied by a complicated 
factor depending on the spectrum of the stellar radiation and on atomic 
constants; this factor is a function of the stellar temperature T^, but 
does not depend on the gas temperature T. 

Each exciting collision, to which the number F refers, stores the 
amount of energy % in the atom. Afterwards this energy is radiated away 
into space and thus is lost. The quantity F is equal to the product of re' 
and n„ together with a factor depending on atomic constants and on T, 
in such a way that one can write: 

E CO re' re, T'*/* ^ re^ re. T-\ 
if it is assumed that re' ^ 

In a state of equilibrium: dE/dt = 0 and eq. (1) reduces to: 

Fx = Nk{T^-T). (la) 

The number re^ drops out of this equation and there remains a relation 
determining the electron density, which can be brought into the form: 

re. = re a = C (T, — T) (2) 

The coefficient C depends on atomic properties and on the magnitude of 
T;^. — In an equilibrium state there is the further relation: 

re a®/(l — a) = (factor depending on atomic constants). 
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If a is near unity, one finds 1 — a cn n T~"^\ 

Since q = n m and p = (1 + a) n A T, it follows from (2) that: 

- {in C/a) {T^ — T) (8) 

?j = {(1 + a) C/a} k {T^ — T) . (4) 

Equations (8) and (4) together constitute the two equations of state for 
the gas, equivalent to what are commonly given as the thermodynamic 
equation of state and the caloric equation. They refer to a given constant 
value of the stellar temperature T^; each value of gives a particular 
value of the coefficient C. 

Zanstra has shown that there may correspond three values of the 
density to a single value of the pressure, provided the stellar temperature 
1\ exceeds a ceidain limit, depending on % and on other factors. The 
intermediate value of the density is unstable, but the maximum and the 
minimum values can co-exist, in which case a state is obtained with part 
of the gas condensed relatively to the rest. Evidently this possibility of 
condensation will be of great influence on the behavior of the gas; it can 
be compared with the condensation which under laboratory conditions 
may occur in water vapor. 

Coming now to the case of a gas in motion, the equations of gas dyna¬ 
mics must be used. For motion in one dimension the equation of energy 
takes the form: 

+ l'‘‘) + ( 5 ) 

Here ti is the gas velocity;/has been written for the 'Viscous stress’", 
due to the deviation of the molecular velocity distribution from the 
normal Maxwellian form, and q is the heat flow connected with this 
deviation. Tlie internal energy per unit mass I? is given by: 

E^l^{l{l + a)kT+aQ+^x], ( 6 )’ 

provided it can be assumed that a temperature T can be defined every- 
wliere in the gas. 

-) In this ease a near unity—it follows that n^i will be proportional to n®. Also 
A' bocjoines proportional to n\ while F becomes proportional to n®. Attention to 
these relations was drawn by Dr. Seaton in the final discussion; his observations 
have been printed at tlic head of the discussion on condensation and temperature 
regulation iti interst<dlar gas clouds (Ch. 15). 
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For stationary motion the time derivative d/dt assumes the form 
u • 'd/scc. Since qu = constant in this case, one can integrate with respect 
to cc (choosing a convenient zero point), which gives: 

= Const. + i j; dl {iV*(n~r)-Fz} ■ m 

All example to which eq. (7) can be applied is the propagation of a 
single shock wave with constant speed and strength through a gas of 
uniform density and temperature. The equation of energy must be 
supplemented, of course, by the continuity condition qu = constant 
(already used before) and by the momentum equation. It is convenient 
to choose a coordinate system in which the shock wave is stationary, 
at or near the origin. 

At large distances before and behind the shock front the equilibrium 
condition (la) must be satisfied, so that eqs, (3) and (4) will be applicable. 
When the relation between p and the specific volume p = 1/^ for a 
given value of is pictured in a diagram as was given by Zanstra, 
one can make use of the formula: 

(P2 — Pi) (n — 9z) = (“i — “ 2 )^ (8) 

■which is an immediate consequence of the continuity and momentum 
equations. For a known initial state of the gas (p^, 9 ?i) and an assumed 
velocity difference u-y — this formula determines a hyperbolic relation 
between pa and The point of intersection of the hyperbola witli 
Zanstra’s curve fixes the values of and q>^. Since the decrease of the 
velocity implies an increase of pressure, the specific volume pa will be 
smaller than cp^ (condensation), and it also follows that the temperature 
Ta of the gas in the condensed phase will be lower than the original 
temperature Ti- The latter feature is a direct consequence of the highly 
increased loss of energy by radiation determined by the greatly increased 
value of the number F; the low temperature leads to the great increase 
of the density. 

The radiation term in equation (T) occurs in the integral with respect 
to X. This means that it will become of importance only at a certain 
distance from the shock front. There may be cases where this distance 
is large in comparison with other important distances in the field. In the 
immediate neighborhood of the shock front its influence can then be 
neglected, so that here one will obtain almost the same conditions as are 
predicted by the usual adiabatic theory, meaning that there will be a 
zone of very high temperature, much higher than Ti, just behind the 
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shock front. It will be aix interesting problem to work out the distri¬ 
bution of temperature, density, pressure and intensity of radiation in 
the transition zone from this domain of high temperature towards the 
equilibrium state with low temperature and high density, which is 
obtained farther away. In particular it will be interesting to find the 
breadth of the region of strong emission of radiation. 

We may leave the application of Zantra’s theory at this point. It will 
have sufficed to make clear the importance of an analysis of the collision 
phenomena between photons and atoms or ions and electrons in the 
interstellar gas. It is of great value that these phenomena can now be 
attacked also from the experimental side in the laboratory. Judging by 
the communications presented before this Symposium by Kantrowitz 
(Ch. 16) and Schaaf (in the discussion on shock waves, Ch. 17), which 
have been supplemented by contributions from Laporte, it is evident 
that much information has become available which at the time of the 
Paris Symposium was not yet there. 

It should not be left out of sight, however, that owing to the extremely 
small density of the interstellar gas and the very high velocities which 
may occur in it (sometimes of the order of several thousands of kilo¬ 
meters per second), there are many cases in which it is not allowed to 
assume that an equilibrium distribution of the energy over the various 
possible states is reached. (Attention to this point was drawn by Thomas 
in a remark made during the final discussion, Ch. 44). 

Great attention has also been given at this meeting to the electro¬ 
magnetic fields which are set up in gases in consequence of ionisation, 
owing to the circumstance that ions and electrons have widely differing 
free paths. Already at the Paris Symposium a paper was presented by 
Miss Helen Kluyver on the separation of charges which occurs in the 
collision of an expanding shell of gas with an interstellar cloud (Problems 
of Cosmical Aerodynamics, p. 89). A paper by Denisse and Rocard, 
published in the ‘Mournal de Physique et le Radium”, 1.12, pp. 898-899, 
1951, treated the excitation of electronic oscillations in a shock wave. 
At the present meeting the unequal acceleration of ions and electrons 
has been considered in the communication presented by Schluter 
(Ch* 9), while a particular problem concerning the production of electric 
fields by the collision of two clouds was treated by Kahn (Ch. 20). 

The general formulation of the equations for the electromagnetic field 
and its interaction with the motion of protons and electrons was pre¬ 
sented in Schltiter’s communication mentioned above, with important 
contributions in the discussion by Cowling and by others (Ch. 10). 
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Tli(' reliilions l)et.vv<‘c*ii tlio magnetic; iieki and (url)ul(‘n( motions had 
alreaciy been eonsiderc'd at some length at tiu' Paris Sym]>osinin. He- 
iK*w(“(l attention to these; relations was given in I{uteli(>I(*r's eoininuniea- 
tion on tlie asymptotic l<;vel which can be readied by tli(> inagiietie 
(‘uergy, and in Jiis report on a i)apcr by (’liandraseldiar and Fermi, who 
were una.hle to attend the Symposium (Ch. 21). It is infen'sting to note 
that, according to tlie data given in the second part of that paper, tin' 
magnetic pressure* at tlie* outer boimeiury of a spiral arm of t la* (lalaet ie 

syste'iii can be* much large*!* than the gas {)re*ssure..'Phe* problem of t lu* 

maximum le*ve*l of magiH'tic pressure has also be'cn considered liy Iiit*r- 
niiinn (Ch. 25) and by liullarcl (in a discussion re'inark to Cii. 21). Tin* 
epicstion has bc'cn raised whether the*re can be juiy “dyn!Uno-efft‘ct". in 
the sense that, the elisturl«ince of the motion pHsluce'd liy a small 
magnetic fUdd can lead to forms of motion which produce stronger jind 
stronger fields. 

There is, of e*emr.se, Jilso the influenc‘e of gnivitfition. The trend of 
thought at this Symposium has been that gravitiition is a normal type 
of force, which has to be biken into account, but which does not Ic'ad 
to partieular problems or to particular forms of instjehility. It [ilays an 
important part in the aee*retion problems e*onsid(*r(*d on Friday (t'hs. 3(5. 
37 and 38) and in the probl(‘i!i of the origin ofgalaxies (Phs. 33 jind 35). 

(ireat attention has again been given to the* probl<>m of furhult ncr. 
Here a new point of view has come forward, differing from the* inain 
directions of thought at the; Paris Symposium. It luis bee*on!«* evident 
that the heating of tlie interstellar gas by hot shirs is !i ve*ry import:int 
source of turbulene;e in e*e)n.se;e]uene;e of its nindoni e*harae*t<‘r hot ft in 
spticc and in time. At the stime time the difference* between “compres¬ 
sion tnrhuleauHi” and “.shc'ar tufbulenee” has hee*n hremght to tin* fon*- 
gronnel, a distinction wliich has be'cn streisse-d hy bicpnmnii in scvcr.il 
elise*nssions (.sec also tlie next chapter hy (fold). Until now hydrody- 
njimicists hiive lK*e*n engaged mo.stly with turhulene*!* of tm incom- 
prt*ssible fluid, in wliieh rotation anel d(*form!ition witiiemt ediange of 
ei(*nsit,y (f.e*. veirtex itiotiem and shearing motions) are* the* only tyjie-s of 
inte*rtial motion po.ssihle*. Wt; know that for e-erhiin boundary e*onelitiems, 
which in the;mse*lveis ne;e*el nett present any randetm iVatun*. the re-pil.-ir 
“laminar” type of inotiein of an incompressible* llnid etin beeetme imsl:ibl«* 
juiel give way to irregular “turbulent" mettion. This luis led fit the iwet 
great pretblems of the tlu‘etry of incennpressible flow; to jtecouid for in 
.stability; and let lind the statistical patte*rn etf hilly developed fnrbnlcnf 
nuttietn as u funetietn of a Rcynolels munher (*hanieterising flu* iielil. 
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When the medium is compressible, changes of density are possible 
along with vortex and shearing motions, and one can imagine a system 
of expansion and compression waves travelling through the medium in 
all directions, constituting a pattern of compression turbulence. It has 
been pointed out by Lighthill in his paper (Ch. 22) that shear turbulence 
is always accompanied by pressure fluctuations which act as a source of 
compression and expansion waves; hence shear turbulence in a com¬ 
pressible fluid will always be accompanied by compression turbulence. 
The intensity of the compression turbulence strongly increases with 
increasing Mach number of the flow. 

In the interstellar gas the situation, however, seems to be different. 
The direct source of turbulence is to be found in the random character 
of the heating of the gas by stars (together with its accompanying effects 
as ionization and radiation pressure). Hence the stability problem need 
not be considered in this case and the primary form of turbulence is 
compressible turbulence. In consequence of the circumstance that the 
density is not a unique function of the pressure, vortex motion and shear 
turbulence now arise from the compression turbulence, so that the order 
of priority is inverted. 

It is possible, of course, that the rotation of the Galactic system with 
its non-uniform angular velocity is another sourse of turbulence. But its 
importance has somewhat diminished. Moreover, the distribution of the 
angular velocity rather seems to make the rotation stable, so that it proba¬ 
bly cannot furnish an important source of energy for turbulent motion. 

It is of interest to give attention to the form compression turbulence 
may acquire. Owing to the non-linear character of the equations of 
motion for a gas, there will arise shock waves through distortion of the 
compression waves. As Kantrowitz mentioned in his lecture, this can 
be envisaged as a kind of ‘‘organising” effect: certain features present in 
the field of wave motion become enhanced to such a degree that they 
assume the character of individual entities, the development and history 
of which can be followed during a certain period. It will be an important, 
but at the same time a very difficult problem to construct a statistical 
treatment of such an assembly of shock waves, taking account of the 
interactions. This might be considered, perhaps, first for the case of one¬ 
dimensional motion, which case might give a clue to the energy transport 
by “acoustic waves”, as is assumed to take place in the interior of 
certain stars. The actual problem for the interstellar gas refers to a 
threedimensional field, in which the interaction of shock waves can 
lead to the appearance of vortex sheets. The situation is complicated 
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by the extremely irregular distribution of the interstellar gas, while 
moreover the dissipative effects of viscosity and heat conduction, 
together with the effects of electric and magnetic forces may be of 
importance. 

In this connection Biermann has remarked that the presence of shock 
waves as the main loci where dissipation of energy takes place, may have 
a bearing on the spectrum of turbulence (see Ch. 25). In shock waves 
there is a direct transfer of energy from large scale turbulence (scale of 
the order of the distance between successive shock waves) towards 
dissipation layers with a thickness of the order viscosity divided by the 
jump in normal velocity. This makes the total dissipation per unit area 
of a shock wave to be of the order of the third power of the velocity 
jump and independent of the viscosity (unless the magnitude of the 
viscosity is appreciably changed inside the dissipation layer); hence the 
average dissipation per unit volume of the field becomes of the order 
(velocity jump)®/(mean distance between successive shocks). Although 
an analogous result is sometimes given for shear turbulence at high 
Reynolds numbers, the mechanism in that case appears to be different, 
since the thickness of transition layers exhibiting a difference of tangen¬ 
tial velocity Vf tends to be of the order (where I is the length 

of the layer in the direction of flow). It is possible that some kind of 
“cascade” mechanism plays a part here, ultimately leading to a more 
rapid dissipation; while also the longitudinal extension of vortex lines 
leads to a rapid dissipation. In any case, there is a subject for investi¬ 
gation here, the outcome of which is not yet clear. 

I have made no comments thus far on the investigation of accretion 
problems, to which the discussions of Friday morning have been devoted, 
and to the theory of the acceleration of interstellar clouds, as brought 
forward by Oort (Gh. 28). Important as they are from the astrophysical 
pQjji't; of view, I have the impression that from the aerodynamical side 
they look more as applications, stressing the necessity of studying the 
fundamental questions referred to before, but bringing no new particular 
aerodynamical riddles. It is beyond my power to summarize them at this 
moment, and the same applies to all the astronomical observational 
material brought before the Symposium. I would therefore conclude 
with mentioning a point which may directly concern the aerodynamicist: 
the interpretation of data on turbulence deduced from observations on 
irregularly distributed radial motions observed in certain gaseous nebulae. 
It seems that here a detailed investigation will be required concerning 
the meaning of the observational material. 
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Many i„o,r problems have been touched upon either in the papers 
presenfed beiore fl.e Hyrnpositim, or in the many discussions. Un- 
d.mbtedty ev.T.v one who Im.s been prc.sent will fro home with his mind 
lull ol nmfters lo Ihmk about. The Impe may be expressed that new 
pom s <,f v,.nv w.il b«. reached within a sliort stretch of time, so that it 
n .11 be tlesirable to orwanise a third Symposium of the same nature some 
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CONCLUDING REMARKS ON TURBULENCE IN 
THE INTERSTELLAR GAS 

HV 

T. COLD 

Ilershnonreux, Knglmul 


Many thinHH that cutne to my mitul in trying to Muimmrisf luy iiu 
prcHKiotiH of tlio (liKcussitHis in the Sympo.siinn luivt: i>f‘fn eovcmi unH‘li 
i«‘tter hy HurjaitTs’ paper. 1 shiiU merely try to mlti some points fnmt the 
side of astrophysies. Durinji? the fjast f«’w years there has lieen mueh 
eiiseuKsion about theordinary tlus>ry of turlmlenee and the astruphysieid 
eonelusions tliat wtmld follow from it. In that theory mic is etauTmed 
■with (juantitieslike veloeity distribution, vortieity,variations in pressorr 
(but not in (ktnsity). One thouffht that the ninj(»r dynumi<-al properties 
of the interstellar ^as eoidd beaeemmted for by that theory, tlamjjh, of 
eourse, to dt> so mijiht be eomplieuted in detail. Also one thought that 
the inleraetion ladween turbul<’nee and magnetic tieUls was fairly well 
tmdcrstood, and that one wouhl, therefore, be able to draw eonehisifnis 
about the magnitude and structure of galaeiie magnetic flehls. 

All this tinu! many astr(»phyKieistN wen*, however, very dissatislied. 
The major observed effects in tlu* galaetie gas dal not lit in with the 
theory of turlndenee. There were huge varialhum in density; woidd thev 
not invnlhlate alone most of the reasoning behind tlu* t!a*ory of turbo 
leina*? 

I felt pleased when I lenrntal at this Symposium that a different f.vpe 
of theory will be retjuired, Ibr one eatj now hope that that new theoia 
will then slutw a better eorrespmulenee with the observa-d IVafureH. 'I’lie 
ordinary theory of turbulenee is eoneerne<l with very low Mneh number'.. 
The new tlu'ory that we shall re<|uire will apparently be eonecrued with 
high Maeb numbers. 

The <K‘enrrenee of high Much mimlHT.s can be more easily understood 
when we consider that such forces as gravitation, and nitt only pressure 
gradients, may be responsible for the motion. laghthiU'K idea that 
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!iir!.ii r,„v at liijrh >5arh numbers may be interpreted in terms of an 
.•.•.Miiihly ut sii.H'k waves seems to me an extremely fortunate one for 
. splauuns' n vari. fy of astronomical features. It has been pointed out 
b> KarttrovMt/ that slawk waves appear to make order from chaos; 
tlt. \ ean lead to the apfK'aranee of smooth shapes and contours which 
aoiiid !,! the ol.Mtrvations mueli lietter than the chaos of ordinary 

Varion^ points must now be investigated afresh. For instance, can we 
espoef the rate nt ener(»y dissipation in an assembly of shock waves to 
l.e slow <-noti}jh for our purposes? In a shock wave a substantial part of 
the energy is Irniisferred immediately into heat by compression and 
not, as in kiw Mm-h imniber turbulence, only throuffh the slow agency 
ot viscosity. It suc’h heat <*nn be radiated away, would the motion not 
ile.-ay «-xtr. niely ijuii-kly ? It may he that we are saved by the fact that 
thosi- same shock waves will l*reak up the medium into small clouds. 
When II shock wave is moving through a cloud it will tear off a certain 
par! of if as there is no relleeting boundary, and that part will travel as 
a new eloml until it i-oltides with another in which it will again set up a 
sliiM'k wave. .\Iy picture is, theircfore, that the kinetic energy of mass 
motion gm-s into wave energy and then again for a large part into mass 
million, 

111 the ease of the galaxy as a whole we must, of course, include the 
gravitalioniil potential energy in our considerations. It may be thought 
I lieu tlinf those shock waves that arc moving perpendicular to the 
gnhiefie |ilaMe will propel mmu* clouds away from tiiat plane. These will, 
111 geiirrul, have much less than the velocity of escape and will therefore 
fall linek again to «*ontrthutf‘ to the general pool of shock turbulence. In 
this piefnri’ the gravitation field provides the relleeting boundary which 
IS rssi-ntinl for keeping the energy in. This seems to me the kind of model 
of a galaxy t hat the new theory would be likely to devise and that would 
lit the observed eonfigurationsand motion.s. 

riie ipieslioii of till* geiuTation of magnetic fields would now have to 
be diseiiHsed afresh. In ordinary furhuitmee it is the shear motions that 
hiue been found to !«• of importiince. In the new picture shear motions 
uoiiid seem to play a seeondary role. There are large density fluctuations, 
ami mdei’d ! fie nmlerinl is torn apart into individual pockets which may 
not do nnieb nibfiiiig on one another. One would guess that the high 
Mtti h mimhi r motion will !«• less effective in increasing magnetic fields. 
Ikimpmlifion of iimgnefie and klnetie energy seems unlikely in this 
em.e. and it may therefore lai possible that the theory of the motion 
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could be approached successfully from the aerodynamic side alone. But 
this point will become clear when the aerodynamic theory of high Mach 
number turbulence is developed, and one will then be able to see how 
well it can be applied to the case of the galactic gas. 
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FINAL GENERAL DISCUSSION 


tlmirmwi: Dr. H. BONDI 


; I wisli tt» for the time beiiif^—the shock waves 

from itiiKUw. We sliouhi not suchienly expect everything from shock 
For exninple. hh(H-k waves cannot be considered as a simple 
ulferitutive to sJu-nr waves or turbulence. It docs not seem possible to 
loiicrivc nn ensemble (tf shock waves of finite strength without a 
eiin{iled shear fieht. 'Hie interar’tiou between two strong shocks always 
ereafes ii vortex Iny<T and hence a ruiulorn ensemble of shock waves 
will lie eonplcd with a turbulent lield of random vorticity. 

Fwr.XKtM.: I slKUild like to make a request for more measurements 
to which the methialH used hy fluid dynamieists to describe the turbu- 
leiuT ehuraeterinties «*ould lie applied. A description based on more 
exteitsive data may [ircvent the miHUhc of the word turbulence. After all, 
fiirhulriice in a xlatiiiticn! r-oncept; we cannot describe the characteristics 
of a tnrhulrnt field using just a few clouds, hut we need a large number 
of wunplr eloiidtt whose nature is defined by using a statistical average. 
In the wtirk re|a>rted hy Cnurtes, some ratluT interesting results were 
obtainril. I wm wondering if it would not be possible to obtain more 
rvteiiHivc data by meaNiiring the Himultancous velocities at several 
points of the I'loiid sning Doppler shift data by methods similar to those 
which Hieharilwui and .Sehwar/,Hehild have applied in the study of solar 
grannliitioim Sll. S. Itiehardson and M. Schwar/sehild, Astrophysical 
.foiifnid 111. iWf. 

From the solar gramdation tlatii I have found with Schwarzschild 
.Mini prehntiimry results eoneerning the spectrum of turbulence. We 
{Of. at (insmt, aniilyv.iiig the brightness distrihution on the surface of 
the Min from which more complete results on another characteristic of 
solar turbiih'iiee can he obtained. However, from our preliminary results 
It jqtprars. that the s{H*etr»mi of turbulent velocities presents a double 
finmp. Thio shitpe of the spectrum may la? explained by the existence of 
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lm> drivin-r nicchnnisnis n'Hponsihlt' for tlu* tw,* timsiiua. W l.atrt. r k 
the* fjuise <»r such two iimximu in tiio tiirttiilnirr nin. .■( ih.- .uh. 

it nmy bt‘n mild oxamplf ofn plifiioincnoii or«-iiiTim' in lli«' ahM>>.|»h< !v 
of the red jriantH(K. N. Kreiikiel uiid M. Seliwar/vliild. \sli..phv se al 
.Journal 116, 122, IU.12). J now wotider if <»ne would not iiod a vnoi oli.it 

similar shape oft he fnrinilenee speetnnn for the iiitersteliar rlou,!, whirl, 

may lead to s<*nie eonelusions ulonji the lines of Himnii!in\ pap. )■. In 
any ease 1 shouhl like to eniphasiw the need for tiir.’« t menvnrem. nts 
from whieh the .siH-etnim of turlailener tif interstellar eloiids e.ndd he 
(>b!ain<HL 

Liki-mann: a dttuhle hnnip in the s{K-etrnm would not n. e. ssanly 
mean a double soiiree of ilissipation. 

Oonr: A ^rreat tlinienlty to the proKrnm pr<*}ioM d hy Fmikn i is that 
the II II regions that emit these lines are not ijiheseent. 

Hoyi.k; Amdher prolilem that shouhl la* settled hy uhseruitions is 
the Chnndrnst'kliar Fermi theory tif the nmgnetie tield along a spiral 
arm. If the stiggestion that the mtitioii of elouds is only strong enmigli 
to eanse a simple eornigation of a hn!nogene.*iis (irhl is isirreel. this 
should show up in theslntistiesofeloud motions, t trim- tliey siillieirntly 
random to tell that this is not the ease? Is there a hoja- to iimi nut ? 

Ookt: There is a definite possihility hy looking |a-rja'iidieiiliir to the 
arm and along it. .So far, no evidrim- of a differenee is avnilnhle, 

ItATCiiKhoH: The “statistieal asseinhly of slna-k svasi-s*’ that has Im-i m 
mentioiKHl in earlier Ne.ssions is not a ver> eh-nr eoneept for m.-, IVe an- 
trying to imagine the proia-rties of a tnrhnleiil niolion in whn-h the 
Maeh nnmher is very liigh. A way of doing this w hieh mii> throw some 
light <tn the situation is to think of the high -Mneii mimiMr as la-iiig 
prodneed hy a very small veloeily of soimd. In tin- hunt of /.to s . I.M ity 
of sound, or infinite Maeh mimla-r, liydrislyinmiie pressnn- loses its 
meaning and the varioim pnrtieles of the gas iiiou- mdrj». i,«|> ofiv of 
eaeh other. 'I'litis it la-coines neeessjiry to think in terms of parlnlr 
dynamics rather than in terms of hydriMlynamies. Fr.«m fins jM.iii! >4 
view the picture of discrete gas elouds mm ing inde)M’ndrnth in u tariied 
l)a<'kgronnd medium and oeeiisioiially making l ulhsioiis mm no! w » m 
to he so strange. 

IIayk.s: Bnftdielor's remark sliolilci Ih- eomph t. d h\ adding .oimUj* , 
parameter, vi-/,. tin- ratio of mean free jailh In some srale id ih* 

If that is small <‘ompared with unity, small pure.!), will n<<f !«). ,i. ,, 
free particles. 

With respect to the farther disenssion I should like *.> r.imod piople 
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of the five blind men examining an elephant; the picture of physical 
reality certainly may be different when approached from astronomy or 
from aerodynamics. As important problems ensuing from our discussion 
I see the following: 

1. Is o r large enough in clouds for spontaneous generation of magnetic 

fields ? 

2. Is magnetic energy equipartitioned with total turbulent energy or 

with small scale turbulent energy ? 

3. Is the energy source of luminous edges kinetic or radiational ? 

Luminous edge classification ? 

4. Where does Menzel’s “pinch” effect enter? 

5. Are luminous filaments shock fronts or electric protuberances ? 

(loLD: In reply to Batchelor’s comment, I would say that the finite 
velocity of sound may be an essential quantity for determining the scale 
of the motion. For example, the size of the gas clouds resulting from 
collisions that build them up, and shock waves that tear them apart, 
may well be determined by quantities involving the velocity of sound. 

Thomas : I would like to make two comments here, one on the Survey 
and Summary by Burgers and the other on a comment by Batchelor. 
First, Burgers has suggested that the caloric equation of state proposed 
by Zanstra might be that to be used to replace the more conventional 
adiabatic equation of state used in aerodynamics. I would like to point 
out that the chief difficulty with such an approach lies in the fact that 
it does not meet our main object here—^namely, that of bringing together 
the two viewpoints of astrophysics and aerodynamics. The main problem 
here is to investigate the aerodynamic velocity field when radiation be¬ 
comes important, and the astrophysical radiation field when a velocity 
field becomes important. In astrophysics, one is accustomed to making 
a type of local equilibrium assumption which relates the emission and 
absorption of radiation under the general assumption that energy tranfer 
is by radiation alone. Thus, this local thermodynamic equilibrium as- 
sumj)ti()n describes a type of coupling among the internal degrees of 
freedom involving radiation processes only. In aerodynamics, one 
customarily makes a type of local thermodynamic equilibrium as¬ 
sumption which couples the macroscopic velocity field with the internal 
degrees of freedom of the gas that specify the internal energy of the 
gas. Radiation is not important. Thus, if one wants to consider a situ¬ 
ation where both velocity field and radiation field are important, the 
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rhit'f of tlH*«'tninlicin cif state' <'(nisi*l«'mfions is In niHrf hot h the sc 

parameters. .\ml. of coursi' Ziiiistra's c’oiisittrratioiis ttu not inu>h r anv 
velocity fit'lei. 

Tliis situation simply hij'h!i)fhts what is the main prol»|e-m l•lllnlV•lnf iny 
the astrophysicist when In' inlnKluccs a ve’locify tidii c«MifHimnjf a icm 
trii ial ntiHunif of <‘ncrijy nniiu'ly, what (arturhation mi tin sp« efro 
sciipic slat*' of th<* fins is intreMhicci} liy tliis uloe-ify lieM. ( lear!), a 
(h'tnik'd investiKiition of the dctaih'ti microscopic processes with tlm 
piiKKitiilify of iHin-triviul departures from a f hcrmmlynattiic cipnhhnnm 
state— must lit' intnKlueed. A nniKh cycle is; transfer of cni ruy from tla- 
miw'ro.st'opic velwity lield into atomic kinetic* frni|M'raturc !»> clastic 
collision, transfer of energy from iitornickincticfcmiK'raturc hx Irctronic 
kinetic temperature by elastic coiUsioii. trnu'cfer of euerK'v from electronic 
kinetic tcmi>eraturc to internal iIcKrces of frcTclom of the atom In in 
elastic elcctnm-atnm collisions, nuliation from the system. The most 
pressing problems in this connection are therefore twufolih (a) F.valMa 
tionofall the relevant inelastic collision cross sect ions, Isitli rteelroii-ntoin 
and atom-atom; (b)Thc development of tiirthisis of Ircnfiiig a gaseous 
ensemble not in thermcKlynaniic ecpalihrium. We have at tempttsi to 
make some projp*cs8 in this direction by studying the statistically steady 
state of a gaseous atmosphere not in thermodyiinmie ecpiihbriiim and 
maintained by a nieehnnicat supply of energy in addition to the radiation 
Held on the one hand; and on the other, eontimiing the investigntioiis 
mentioned earlier in the week on the meteor and ultrnsjieed partiele 
prohlems. I would, howc'ver, eniphasiiM' again the nei'cssify of this 
coupled microseopie-macroseopic* apfiroaeli, with a very eritieal hsik 
at any type of local thermcKlyiminie eejuilihrium assumptions. 

The remark on Ihdchelor’s suggestion lies very intieh m Ih*' same s em, 
Batchelor has suggested that we may consider the high 'lio'h mimls r 
(*as<‘ by h'tting the %ThK*ity of sound approach wro rather than tlie 
velocity heeome very high. I would object strongly to this priHf-dure. 
for the* .same rt'asoii mentioned earlicT in the wca-k a diffrrrnee in the 
energy level in the astrophysieid and the tierislvnnmir romeniioi(,d 
eases. If, for example, one .starts with a gas at a fairly low ti mja oitnre, 
say .lOO" under standard conditions, he may reneli n rafher !ii;<h M e h 
mimher before it is necessary to consider n significant sariafe.i, m . 
Thus, it does not make tmi imieli differi'iiee whelhtT om tue, !..%% 
veloi'ify of .sound or a liigh gas velocity, fhi the other hand, U one l,,s. 
a free stream temperature of live or six thousnnd degr»«s, . t„ t. ,-s 
small Mach numher results in a signilleanf ehiuige in y toe- ,» con 
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siderable difference in the way he will formulate a description of the gas 
dynamic problem over the case of the low temperature in the free stream 
situation. These attempts to represent high velocity aerodynamics by 
substituting high Mach number aerodynamics have also led us to con¬ 
siderable difficulty in the problem of heat transfer to meteors and 
artificial meteors. 

Savedopf: One question put by the hydrodynamicists to the astro¬ 
physicists is how to describe the interstellar gas in a reasonably accurate, 
yet simple way. Burgers has referred to the many complications. I 
suggest that one simplification may be allowed, viz. that the gas behaves 
as an ideal monatomic gas for rapid changes, if the density is between 
1 and 10® atoms per cm®. For lower n cosmic rays may become important, 
for larger n the cooling processes may saturate or the regions become 
opaque (which of course depends also on their size). Rapid changes 
means changes in a time small compared with the equipartition times 4 
quoted by Spitzer and myself. Fast compressions that satisfy these 
conditions occur with y = 5/3. 

ScHLUTER: (a) The importance of high-Mach-number aerodynamics 
should not be judged solely by the observed density differences, since 
density differences of a factor 100 are already present in a steady state 
where the interstellar gas is partly ionized by stellar radiation. 

(b) With regard to magnetic fields Batchelor remarked on Wednesday 
that in the contraction of gaseous masses the growth of the magnetic 
energy density (go q '/") should be less important than the growth of 
kinetic energy (go q From this it could be concluded that the inter¬ 
stellar magnetic fields (which are supposed to be originally in equilibrium 
with the kinetic energy of the interstellar gas) are of no importance to 
the accretion or to the birth of stars. But there are real difficulties. The 
ratio of stellar and interstellar densities is of the order 10®*, and from an 
interstellar field of only 10~® gauss a stellar field of 10*® gauss would 
result. That gives a magnetic pressure which is by several powers of ten 
too large to be overcome by stellar gravitation. From this it follows, that 
the contraction must be highly anisotropic, even if the interstellar fields 
are rather small ; the gas has to flow along the magnetic lines of force. 

(c) On the other hand the magnetic fields may help us to get out of the 
difficulty with the angular momentum, since the magnetic field can 
transport angular momentum by the way of Maxwell’s tensions. We are 
at Gottingen working on this very problem. 

(d) If magnetic fields are important to accretion of stars, all early type 
stars should be highly magnetized; one would indeed expect stellar fields 
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of the order of millions of gauss on the surfaee of these stars. This seems 
to me to represent the most serious difiQculty for the hypothesis of 
interstellar magnetic fields. 

On the other side some additional support in favour of this hypothesis 
may be found in the indications for an interplanetary magnetic field of 
at least 10 “® gauss as derived from cosmic ray observations (cf. A. 
Schluter, Z. Naturforschung 6a, 613, 1951). 

Hoyle: I have to defend the contraction hypothesis against Schlii- 
ter’s remark. The conductivity in a globule may be sufificiently low to 
give effective ohmic dissipation. 

Oort: I should like to comment on the problem of the angular 
momentum. 

In general the interstellar material must contain far too much angular 
rnomentum to contract to a body of stellar dimensions. Even if we con¬ 
sider only the galactic rotation the average angular momentum in a 

cloud of density = lo cm-® would be 10 ® times too high. We have 
roughly 


mjm^ = 0.1 r^n^, 

where r is expressed in parsecs. For a star of mass 10 m 0 we need a 
volume with a radius of 2 parsec, if = 10 . The angular velocity of 
ga actic rotation being about 40 km/sec.kps, the average “rotational” 
velocity at the surface of a sphere with 2 parsec radius would be roughly 
0.1 km/sec. Contraction to a B star with radius 5 or 1.5 x 10 ~® parsec 
would then give a rotational velocity of 10 ’’ km/sec, which is of the order 
of 10 times more than the observed and permissible rotations. 

A suggested solution is that good spots are selected. But it is a biff 
factor and in the expanding associations at any rate, the life time o^f 
the ordj of 10 years does not leave much time for such selection, nor 
it would seem, for magnetic braking. 

It is suggested that a way out of this difficulty may be found in the 
effects of compression in colliding clouds. When there is sufficiently rapid 
cooling by radiation, as may be the case in dense clouds, compressions 
up to a factor of the order of 100 may well occur. There are observational 
indications of compressions to factors of even 10 ^ in some nebulae 

Consider, first, the schematic case of two clouds in a head-on en 
counter. Suppose both clouds to have a rotational motion in the same 
sense (see Figure 1 .) A compression layer will then be formed at the 

fnhff7 Suppose the density in this thin layer 

to be/times that in the original clouds. The angular momentum that 
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was present in the two clouds will cause the thin layer to rotate with an 
angular velocity of the same order as the angular velocity of the original 
clouds. In addition, the rotational velocities 
of the clouds will produce currents in the 
layer, in a direction parallel to its surface. 

If / is of the order of 100 the layer will be 
so thin that these currents will probably 
vanish in a time that is short compared to 
the duration of the cloud collision. 

The radius of the volume containing 
enough mass to produce a star will be re¬ 
duced by a factor the angular momen¬ 
tum will therefore be reduced by a factor of 
the order of/’^^ Avery considerable decrease 
of the angular momentum may thus be Fig. l. Suggested reduction 
attained. In favourable cases the reduction of angular momentum in a 
may be still more. For if, instead of more or compression layer, 

less regularly rotating clouds, we are dealing 

with clouds with irregular internal motions, these motions will be partly 
averaged out by the compression. 

Gold : It depends, of course, on the speed at which angular mo¬ 
mentum can be transported. The rough judgment obtained by compari¬ 
son with the calculated case of such transport within the Sun suggests 
that long times would be involved. 

Oort: It should be computed. 




